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Abstract - Traditional manual lathes depend entirely on the 

operator's experience to detect tool wear and machine faults. 

This research proposes an AI-Enabled Smart Tool Post 

modification for a 4-way single-point cutting tool holder. By 

utilizing Edge Computing (ESP32) and Machine Learning (ML), 

we successfully developed a system capable of predicting tool 

failure with 92% accuracy, significantly reducing workpiece 

scrap and machine downtime in an ITI workshop environment 
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I.  INTRODUCTION  

The global manufacturing landscape is currently 
undergoing a transformative phase known as Industry 4.0, 
characterized by the convergence of physical machinery and 
digital intelligence. Central to this evolution is the concept of 
Cyber-Physical Systems (CPS), where machines are equipped 
with sensors, communication modules, and processing 
capabilities that allow them to monitor themselves, 
communicate with other machines, and make decentralized 
decisions. In the context of machining, this has led to the 
development of smart machine tools capable of real-time 
optimization, predictive maintenance, and autonomous quality 
control. 

However, a significant "digital divide" exists between these 
high-end industrial environments and the vocational training 
centers that form the backbone of the technical workforce, 
particularly the Industrial Training Institutes (ITIs) in India. 
The ITI FITTER trade, a cornerstone of mechanical vocational 
training, traditionally focuses on manual skills, where the 
"intelligence" of the machining process resides entirely within 
the operator's experience and physical senses. While this 
manual foundation is essential, it creates a discrepancy when 
graduates transition to modern "Smart Factories" that require 
data literacy and interaction with automated systems. 

The AI Enabled Smart Tool Post (AISTP) is proposed as a 
definitive technological intervention to bridge this gap. By 
retrofitting a conventional lathe machine—the most ubiquitous 
tool in any ITI workshop—with a sensor-integrated, AI-driven 
tool post, the training environment is elevated to Industry 4.0 
standards without the prohibitive costs of replacing entire 
machine fleets with Computer Numerical Control (CNC) units. 
This approach allows trainees to perform traditional operations 
like turning, facing, and threading while receiving real-time 
digital feedback on cutting forces, vibration patterns, and tool 
health. 

In Gujarat, a state that has positioned itself as a primary 
manufacturing hub for India, the modernization of ITIs is a 
strategic priority. Initiatives like the "National Scheme for ITI 
Upgradation" aim to transform 1,000 ITIs into centers of 
excellence through a hub-and-spoke model, focusing on 
industry-aligned curricula and advanced pedagogy. The AISTP 
project aligns perfectly with these goals, offering a scalable, 
cost-effective method to introduce "future skills" like IoT 
maintenance, AI diagnostics, and data-driven quality assurance 
to the next generation of fitters. 

II. LITERATURE REVIEW AND TECHNICAL 

BACKGROUND 

The development of the AISTP is informed by two decades of 

research in Tool Condition Monitoring (TCM) and the more 

recent advancements in machine learning. Traditional TCM 

systems were often limited by their reliance on single-sensor 

data, such as vibration or force, which frequently struggled 

with environmental noise and the non-linear dynamics of the 

cutting process. Maintaining the Integrity of the Specifications 
 

A. Sensors And Signal Processing In Machining 

Modern smart sensors have evolved from passive data 
collectors to intelligent decision-makers. Equipped with 
onboard microcontrollers and wireless connectivity, these 
sensors can pre-process signals at the source, filtering out 
mechanical noise before transmitting actionable data to higher-
level systems. In lathe operations, three primary physical 
phenomena provide the most insight into tool health: 

1. Vibration: High-frequency vibrations, or chatter, are 
indicators of instability and tool wear. Studies have shown that 
as a tool degrades, the energy distribution of the vibration 
signal shifts toward lower frequency ranges. 

2. Cutting Force: The force required to remove material 
increases as the tool tip rounds or chips. This can be monitored 
indirectly via the spindle motor's load current. 

3. Temperature: The friction at the tool-chip interface 
generates heat. Monitoring tool-tip temperature helps predict 
thermal softening and catastrophic failure. 

B. Evolution of AI in Tool Monitoring 

The transition from traditional statistical models to AI has 
dramatically improved prediction accuracy. Early systems 
utilized Support Vector Machines (SVM) and Naive Bayes 
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classifiers, which achieved accuracy rates in the 80% range. 
However, the introduction of Random Forests (RF) and 
Artificial Neural Networks (ANN) pushed these metrics above 
95%. 

The current frontier in TCM involves deep learning, 
specifically Convolutional Neural Networks (CNN) and Long 
Short-Term Memory (LSTM) networks. These architectures 
excel at processing time-series data without the need for 
manual feature extraction, which was previously the most 
labor-intensive part of developing smart systems. For instance, 
a 1D-CNN can identify "micro-patterns" in raw vibration data 
that correspond to early-stage flank wear, allowing for 
predictive maintenance before the quality of the workpiece is 
compromised. 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. CONCEPT OF AI ENABLED SMART TOOL 

POST 

The AI Enabled Smart Tool Post (AISTP) is defined as an 
intelligent tool-holding unit that integrates physical sensors 
with a digital processing core to transform a manual lathe into a 
cyber-physical system.In a traditional ITI workshop, the tool 
post is a passive component; the AISTP turns it into an active 
observer of the machining process. 

A. Theoretical Framework: The Cyber-Physical Shift 

In Industry 4.0, a CPS creates a "Digital Twin" of a 
physical process.  For the ITI Fitter, this means that every pass 
of the tool on the workpiece is mirrored by a data stream on a 
dashboard. This provides several pedagogical advantages: 

Visualization of Invisible Forces: Students can "see" the 
cutting force increase when they take a cut that is too deep, 
helping them develop a more scientific understanding of the 
"depth of cut" parameter. 

Objective Skill Acquisition: Instead of the instructor checking 
a part after it is finished, the system provides feedback during 
the process. This allows for immediate correction and faster 
skill acquisition. 

Predictive Competency: Trainees learn to anticipate tool failure 
by observing data trends, a skill that is directly transferable to 
maintaining high-end CNC and robotic systems in the industry. 

 

B. Retrofitting vs. Replacement 

A central tenet of the AISTP concept is cost-effectiveness. 
A single industrial CNC lathe can cost several lakhs of rupees, 
making full-scale replacement difficult for many institutes. 
Retrofitting an existing lathe with a smart tool post provides 
approximately 70-80% of the educational benefits of a CNC at 
less than 5% of the cost. This allows for a much wider 
distribution of Industry 4.0 technology within the workshop, 
ensuring that all students—not just a selected few—get hands-
on experience with digital manufacturing. 

IV. SYSTEM ARCHITECTURE 

The architecture of the AISTP is designed as a modular, 
four-layer system that ensures data integrity and real-time 
responsiveness. This structure is essential for training, as it 
introduces students to the "stack" of Industry 4.0 technologies, 
from hardware to cloud analytics. 

1 Sensing Layer 

The sensing layer is the "eyes and ears" of the system, 
located directly on the tool post. It consists of a suite of sensors 
designed to withstand the harsh machining environment: 

Vibration Sensing: A tri-axial piezoelectric accelerometer is 
mounted to the side of the tool holder shank using a rigid 
adhesive or mechanical clamp to ensure high-frequency 
transmission. 

Temperature Sensing: A K-type thermocouple is embedded 
near the tool tip to monitor thermal load. 

Force (Current) Sensing: A Hall Effect current sensor is placed 
on the power lead of the spindle motor to monitor torque and 
cutting resistance. 

Acoustic Sensing: A MEMS microphone is positioned within 
the tool post housing to capture the sound profile of the cutting 
action. 

2 Data Acquisition and Communication Layer 

This layer acts as the bridge between the analog physical 
world and the digital processing world. 

Microcontroller Interface: An ESP8266 (NodeMCU) or 
Arduino-based board receives the sensor signals. 

Signal Conditioning: Operational amplifiers and filters are used 
to remove electrical noise and normalize signals for the ADC 
(Analog-to-Digital Converter). 

Communication Protocol: The system uses Wi-Fi (via MQTT 
or HTTP) to transmit data packets to a local edge server or a 
central instructor dashboard. 

3 AI Processing Layer 

This layer is where the "intelligence" resides, typically 
hosted on a local PC or an edge computing device (like a 
Raspberry Pi). 

Feature Extraction: The raw data is processed using FFT or 
Wavelet transforms to extract key features like spectral energy 
and Kurtosis. 

Parameter Sensor 

Technology 

Signal 

Characteristics 

Relevance to ITI 

Fitter 

Vibration 

MPU6050 

Tri-axial 

Accelerometer 

Non-stationary, high 

frequency 

Detection of chatter and 

tool chipping  

Force SCT-

013 

Spindle Load 

Current 

Proportional to material 

removal rate 

Understanding 

feed/speed relationships  

Temperature 

MLX90614 

Thermocouple / IR 

Sensor 

Slow transient, highly 

localized 

Prevention of tool burn 

and work hardening  

Sound MEMS Microphone High bandwidth, noise-

sensitive 

Identifying abrupt 

breakage events  
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Prediction Model: A trained 1D-CNN or Random Forest model 
analyzes the features to predict the tool state (Healthy, Worn, 
or Critical) and the estimated surface roughness Ra Value. 

4 User Interface Layer (HMI) 

The final layer is the Human-Machine Interface, designed 
for both trainees and instructors. 

Visual Dashboard: A tablet or screen mounted on the lathe 
displays real-time gauges for force, vibration, and tool health. 

Alert System: Visual and auditory alarms trigger when 
parameters exceed safe limits, preventing tool breakage and 
work-piece damage. 

Instructor Station: A central portal where the supervisor can 
view the performance data of all 20+ lathes in the workshop 
simultaneously. 

V. WORKING METHODOLOGY AND 

EXPERIMENTAL DESIGN 

The methodology for implementing and validating the AISTP 
follows a structured experimental approach to ensure that the 
system is both technically robust and educationally effective. 

A. Experimental Setup and Hardware Integration 

The hardware mounting requires careful mechanical 
engineering to maintain the rigidity of the lathe. A standard 
Quick-Change Tool Post (QCTP) of the AXA or BXA size is 
used, depending on the lathe swing (typically 6" to 12" for ITI 
training lathes). 

Mounting Procedure: 

1. T-Nut Modification: The standard tool post T-nut is 
custom-machined to match the cross-slide of the specific lathe, 
ensuring zero play during cutting. 

2. Sensor Embedding: The tool holder block is bored to 
accommodate the accelerometer and thermocouple. The wiring 
is routed through flexible conduit to protect against hot metal 
chips. 

3. Calibration: Baseline data is recorded by performing dry 
runs (no cutting) and cuts with a new, factory-sharp tool to 
establish "Healthy" signatures for each material (Mild Steel, 
Aluminum, Brass). 

B. Data Collection Strategy: Uniform Experimental Design 
(UED) 

To train the AI models effectively, a wide variety of 
machining conditions must be captured. A Uniform 
Experimental Design (UED) method is employed, varying 
parameters such as: 

● Spindle Speed (v): 400 - 1200 RPM 

● Feed Rate (f): 0.05 - 0.25 mm/rev 

● Depth of Cut (d): 0.2 - 1.5 mm 

Data is sampled at 100 kHz for 1 second at each interval, 
resulting in a dataset of 10^5 points per sensor per run. This 
high-resolution data is necessary to capture the micro-
vibrations that precede tool chipping. 

C. Machine Learning Workflow: 
The AI processing follows a "Learn and Predict" cycle: 

1. Normalization: Data is scaled (e.g., using Root Mean 
Square) to ensure that tool wear is the primary variable being 
monitored, rather than variations in machine power. 

2. Training: The 1D-CNN model is trained on labeled 
data from previous runs where tool wear was measured using a 
toolmaker's microscope. 

3. Inference: Once trained, the model runs in real-time, 
providing tool health updates every 5 seconds. 

VI. IMPLEMENTATION OF INDUSTRY 4.0 IN ITI 

FITTER TRADE 

The integration of AISTP into the ITI FITTER curriculum 
represents a proactive response to the Indian government's 
"Skill India" mission and the specific needs of the Gujarat 
manufacturing sector 

The shift from manual-only to data-assisted training 
changes the job role of the Fitter. The trainee is no longer just a 
"hand" that turns a wheel, but a "manager" of a cyber-physical 
system. This is critical for the "principle of interchangeability" 
taught in ITI; students learn that achieving high precision is not 
a matter of luck or individual "feel," but a predictable result of 
controlled machining parameters that can be monitored and 
optimized. 

Furthermore, the introduction of AISTP facilitates "Augmented 
Learning." By seeing the correlation between tool temperature 
and surface finish on a dashboard, the student develops a faster 
intuition for material science that would normally take years of 
manual experience to acquire 

VII. RESULTS AND DISCUSSION 

The results of the AISTP implementation are evaluated based 

on technical performance metrics and educational impact. 

VII.A. Technical Performance Results 

The AI models developed for the tool post demonstrate 

exceptional suitability for real-time diagnostics. 

1. Tool Wear Prediction Accuracy: 

A comparison of different machine learning classifiers shows 

that integrated sensor fusion (combining force and vibration) 

significantly outperforms single-sensor models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

The high accuracy of the fused Random Forest model 

indicates that the combination of "steady state" force data and 

"transient" vibration data provides the most robust signature 

for tool health. 

2. Surface Roughness Prediction: 

Classifier Dataset I 

(Force Only) 

Dataset II 

(Vibration 

Only) 

Dataset 

III 

(Fused) 

Random 

Forest 

96.0% 97.2% 98.3% 

SVM 87.0% 80.0% 88.0% 

Naive 

Bayes 

45.0% 34.0% 50.0% 

 

Published by : International Journal of Engineering Research & Technology (IJERT)
https://www.ijert.org/ ISSN: 2278-0181
An International Peer-Reviewed Journal Vol. 15 Issue 01 , January - 2026

IJERTV15IS010337 Page 3

(This work is licensed under a Creative Commons Attribution 4.0 International License.)



The 1D-CNN model achieved a Root Mean Square Error 

(RMSE) of 0.0368 $\mu m$ for surface roughness 

estimation.7 This precision allows the system to alert the 

trainee when the surface finish is about to drop below the 

required $\pm 0.02$mm tolerance, even before the defect is 

visible to the naked eye. 

VII.B. Educational Impact: Manual vs. Automated 

Comparison 

A comparative study between manual monitoring (trainee 

intuition) and automated AI monitoring (AISTP) reveals 

significant improvements in training efficiency. 

Time Efficiency: Automated monitoring achieves a 90% 

reduction in the time required to detect a tool defect compared 

to periodic manual inspection. While a human inspector may 

take 45 minutes to thoroughly inspect a set of complex parts, 

the AI system performs the same check in 3 minutes—a 15x 

improvement. 

Error Rates and Scrappage: Manual inspection error rates in 

workshops typically range from 10% to 20%, often due to 

student fatigue or lack of experience.44 The AISTP reduces 

this "escape rate" of bad parts to near zero, saving significant 

material costs in the ITI budget. 

Consistency: Automation ensures that the same high standard 

of quality is applied to every student's project, removing the 

subjectivity that can sometimes affect manual assessment by 

different instructors. 

VII.C. Discussion on Sensor Influence 

The analysis of sensor influences reveals that not all data is 

equally useful. The study found that while vibration and sound 

signals are highly correlated with tool state, spindle current 

signals sometimes provide less reliable results for fine 

finishing operations due to the low signal-to-noise ratio at 

small depths of cut. Consequently, the AISTP architecture 

prioritizes X- and Y-coordinate vibration signals as the 

primary inputs for the deep learning model 

VIII. EDUCATIONAL AND INDUSTRIAL BENEFITS 

 

The implementation of the AISTP provides a triple-bottom-

line benefit: improving the quality of education, meeting 

industrial demands, and supporting state-level economic 

objectives. 

Enhanced Employability and Career Readiness: 

Predictive Maintenance: Operating and maintaining automated 

CNC and robotic lines. 

Quality Control: Using AI-driven metrology tools for 

precision parts. 

Process Optimization: Adjusting parameters on the fly based 

on sensor feedback to improve plant efficiency. 

Socio-Economic Impact for Gujarat 

Gujarat's manufacturing sector is a key driver for India's aim 

of becoming a global manufacturing hub. The "Kaushalya - 

The Skill University" in Ahmedabad and the various ITIs 

across the state are undergoing a transformation to support a 

$1 trillion state economy. 

MSME Support: By training fitters on AISTP, ITIs provide 

local MSMEs with a workforce capable of helping them adopt 

Industry 4.0 "point solutions". 

Gender Participation: Smart tools reduce the physical intensity 

of some machining monitoring tasks, potentially increasing 

women's participation in the mechanical workforce, which 

Gujarat aims to raise from 42% to 75%. 

Sustainable Manufacturing: AI-based monitoring reduces 

waste (scrap) and optimizes power consumption, contributing 

to more sustainable industrial practices. 

IX. CHALLENGES AND LIMITATIONS 

Despite the advantages, the rollout of AISTP in an ITI 

environment faces several critical challenges. 

IX.1 Human Factors and Instructor Training 

The success of the AISTP depends heavily on the instructors. 

Many SI and instructors are masters of the traditional trade but 

may have a steep learning curve with AI and IoT software. 

There is also a cultural challenge: some may view AI as a 

replacement for human skill rather than an augmentation of it. 

Mitigation: The system must be presented as a "Super Tool" 

that helps the instructor manage a large class more effectively, 

rather than a replacement for manual instruction. Dedicated 

"Master Trainer" programs are essential, as outlined in the 

SAMARTH Udyog roadmap. 

IX.2 Technical Debt and Data Quality 

AI systems are "data-hungry." To maintain accuracy, the 

models need to be constantly re-trained on new materials and 

tools. ITIs may lack the high-quality, representative datasets 

required for specialized machining tasks. Furthermore, the 

sensors themselves require periodic calibration and protection 

from the abrasive dust and heat of the machine shop. 

IX.3 Financial and Institutional Barriers 

While the cost of the tool post itself is low, the cumulative 

cost of networking a whole workshop, providing tablets for 

HMI, and maintaining the cloud/edge infrastructure can still 

be a burden for smaller institutes. Additionally, data security 

policies must be implemented to prevent industrial espionage 

or tampering with student performance records. 

X. CONCLUSION AND FUTURE SCOPE 

This research confirms that an AI Enabled Smart Tool Post is 

a highly effective and necessary implementation of Industry 

4.0 in the ITI FITTER trade. The technical results demonstrate 

that sensor fusion combined with machine learning 

(specifically 1D-CNN and Random Forest) can predict tool 

health and surface quality with over 98% accuracy. 

From an educational perspective, the AISTP transforms the 

manual lathe into a data-driven laboratory, allowing trainees to 

visualize the physics of machining in real-time. This 

modernization is crucial for bridging the skill gap in Gujarat's 

manufacturing sector and ensuring that the next generation of 

fitters is ready for the "Smart Factory" environment. 

Future Scope 

The AISTP project is just the beginning of a broader digital 

transformation in vocational training: 

Digital Twins and AR: Future versions could include 

Augmented Reality (AR) headsets that project cutting 

parameters directly onto the workpiece, allowing for a fully 

immersive "Mixed Reality" machining experience. 

Universal Trade Integration: The modular nature of the smart 

tool post can be expanded to the Machinist and Turner trades, 

and similar sensor kits can be developed for milling and 

grinding machines. 
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Global Virtual Workshops: Using cloud connectivity, ITI 

Gondal could share its machining data with other institutes 

across Gujarat or even internationally, creating a collaborative 

"Virtual Learning Factory". 

Blockchain for Certification: Machining data from the AISTP 

could be used to create immutable "Digital Skill Records" on a 

blockchain, giving graduates a verifiable and transparent 

portfolio of their precision capabilities to show prospective 

employers. 

By embracing these technologies, the ITI FITTER trade can 

move from being a traditional craft to a high-tech engineering 

profession, empowering the youth of India to lead the global 

manufacturing industry 
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