
Unit – V 

Smart Machining and Digital Manufacturing 

Introduction to Smart Machine Tools 

Definition: Smart machine tools are advanced, computer-numerical controlled 

(CNC) machines integrated with IoT capabilities, sensors, and data analytics to 

monitor performance, predict maintenance needs, and improve accuracy. 

Smart machine tools are advanced CNC systems integrated with software, 

sensors, and connectivity to optimize production, perform real-time monitoring, and 

enable predictive maintenance. They improve efficiency, accuracy, and autonomy 

by sharing data with other factory equipment. 

Purpose:  

IoT and Real-Time Monitoring: Sensors track performance (vibration, 

temperature, power) to predict failures and monitor production, reducing downtime. 

Advanced Connectivity: Communication interfaces (e.g., OPC UA) enable smart 

machines to connect with other factory equipment, forming a connected network. 

"Done-in-One" Capability: Combining milling, turning, and drilling in one setup 

(e.g., in multi-tasking turning centers) boosts efficiency. 

Intelligent Software: Software optimizes machine performance, such as 

automatically adjusting cutting parameters, enhancing accuracy. 

Automation Integration: These tools often work with robotic loaders for 

autonomous operation. 

Increased Productivity: Reduced cycle times and automated, unmanned operation. 

Higher Precision: Advanced motion control and structural rigidity, often with 5-

axis capability. 

Predictive Maintenance: Data analytics determine the ideal time for maintenance, 

preventing unexpected breakdowns. 

Flexibility: Easily adaptable for high-mix, low-volume production. 



SMART SENSORS 

In instrumentation systems, sensors are very essential devices. At present, 

most of the types of sensors are smart. So in these sensors, the sensing elements & 

electronics are integrated on the same chip. So, the integration of electronics and 

sensors to make an intelligent sensor is known as a smart sensor. This sensor can 

make some decisions. 

These sensors have many benefits like higher S/N ratio, fast signal 

conditioning, auto-calibration, self-testing, high reliability, small physical size, 

detection & prevention of failure. So, this article discusses an overview of a smart 

sensor, it’s working, and its applications. 

Smart Sensor 

A smart sensor is a device that uses a transducer to gather particular data from 

a physical environment to perform a predefined & programmed function on the 

particular type of gathered data then it transmits the data through a networked 

connection. 

The features of the smart sensor are; self-identification, digital sensor data, 

smart calibration & compensation, multi-sensing capacity, sensor communication 

for configuration of remote & remote monitoring, etc. 

Smart Sensor Working Principle 

Smart sensors work by capturing data from physical environments & 

changing their physical properties like speed, temperature, pressure, mass, or 

presence of humans into calculable electrical signals. These sensors include a Digital 

Motion Processor (DMP). Here a DMP is one type of microprocessor that allows the 

sensor to perform onboard processing of the smart sensor data like filtering noise 

otherwise performing different kinds of signal conditioning. 

These sensors have 4 main functions measurement, configuration, verification & 

communication. 

 Measurements are simply taken through detecting physical signals & 

changing them into electrical signals. So this will help in monitoring and 

measuring things like temperature, traffic, & industrial applications. 



 Configuration function is a significant feature as it allows the smart sensor to 

detect position otherwise installation errors 

 The verification function has different uses like nonstop supervision of sensor 

behavior, using a set of supervisory circuits or equipment executed within the 

sensor. 

 Lastly, the communication feature allows the sensor to converse to the main 

microcontroller/ microprocessor. 

Smart Sensor Block Diagram 

The block diagram of the smart sensor is shown below. This block diagram 

includes different blocks like sensing unit, signal conditioning, analog to digital 

conversion, application algorithms, local user interface, memory, and 

communication unit or transceiver. 

Sensing Unit 

This unit detects the changes in physical parameters & generates electrical 

signals equivalent to it.  

Signal Conditioning Unit 

The signal conditioning unit controls the signal to meet the necessities of next-

level operations without losing data. 

Analog to Digital Converter 

ADC converts the signal from analog to digital format & sends it to the 

microprocessor. 



Local User Interface 

The local user interface or LUI is a panel-mounted device used to allow 

building operators to monitor & control system equipment. 

Application Algorithm 

The signals from smart sensors reach here & process the received data based 

on the application programs previously loaded here & generate output signals. 

Memory 

It is used to store media for saving received & processed data. 

Communication Unit 

The output signals from the application algorithm or microprocessor are 

transmitted to the main station through the communication unit. This unit also gets 

command requirements from the key station to execute specific tasks. 

Types of Smart Sensor 

There are different types of smart sensor available in the market which is 

explained below. 

Level Sensors 

A level sensor is one type of device used to monitor measure & maintain liquid 

levels. Whenever the level of liquid is sensed, this sensor changes the data into an 

electric signal. 

 

Level sensors are classified into two types point level & continuous level. A 

point level sensor is used to specify whether a liquid has achieved an exact point 

within a container whereas continuous level type sensors are used to provide precise 

measurements for liquid level. These sensors are mainly used in different industries 

like automotive, manufacturing, and also in household applications. 



Temperature Sensors 

Temperature sensors are used to measure temperatures like liquid 

temperature, air temperature, or solid matter temperature. These sensors are 

available in different types which use different principles to measure the temperature 

like RTDs, NTC thermistors, thermopiles & thermocouples. These sensors are 

mainly used in medical devices, computers, automobiles, cooking appliances & 

other types of machinery. 

 

Pressure Sensors 

A pressure sensor is a transducer that changes the mechanical pressure input 

into an electrical output signal. There are different types of pressure sensors 

available based on capacity, size, sensing technology, measurement method &output 

requirements. These sensors play a key role in monitoring pipelines & give an alert 

to overseers if there are any leaks otherwise irregularities so that they can repair or 

maintain pipelines. 

 

Infrared Sensors 

An infrared sensor is an electronic device used to emit light to detect some 

object in the surroundings and measures the object’s heat & detects the motion. 

Generally, all the objects will emit some form of thermal radiation within the IR 

spectrum which is invisible but the IR sensor can sense these radiations. 



 

IR sensor includes a transmitter like an IR LED and receiver as an IR photodiode. 

For infrared transmission, three types of media are used vacuum, atmosphere & 

optical fibers. These sensors are used in night vision devices, radiation 

thermometers, IR tracking, IR imaging, etc 

Proximity Sensors 

A smart sensor like a proximity sensor is used to notice the existence of 

objects in its surrounding area without contacting them. These sensors are frequently 

used in collision avoidance systems & collision warnings. This sensor uses light, 

sound, IR radiation otherwise electromagnetic fields to notice an object. 

 

These sensors are applicable in consumer robotics, industrial applications and 

also utilized in vehicles to detect the physical contact of other vehicles & also for 

parking-assist functions 

Air Quality Detection Sensors 

Air quality detection sensors are electronic devices that are used to detect & 

monitor the air pollution within the air in the nearby area. So, these sensors 

efficiently work for indoor & outdoor purposes. Air quality sensors are capable of 

checking the CO2 concentrations through VOC (volatile organic compounds) that 

have methane & ammonia as gases. 

 



Motion Sensors 

Motion sensors are electronic devices, used to detect movement inside and 

surroundings of your home and give an alert. For instance, this sensor can activate 

the lights once it detects you while entering into a room otherwise, they can give an 

alert once an intruder is trying to enter your home. These types of sensors are mainly 

used in homes, security systems, paper towel dispensers, phones, virtual reality 

systems & game consoles. 

 

Smart Plant Sensors 

Plant sensors are advanced gardening sensors used to provide the data to the 

user from stem surface, leaf to root probes to feed the plants. They explain to us what 

nourishment and care are required for the plant. 

 

This sensor is very simple to use by placing it into the soil of the plant pot 

beside the potted plant. After that, it monitors the level of moisture, light intensity, 

the temperature automatically to maintain the plant properly. The current plant 

sensors give an alert through smartphones to keep checking your plant’s condition 

remotely and take appropriate action. 



Smart Climate Sensors 

Smart climate sensors are used to gather the data of barometric pressure, 

temperature & humidity that assist in evaluating the exact weather conditions & 

calculate as well. These sensors will assist you in setting your plan accordingly 

because these sensors are connected through your Smartphone to send alerts 

throughout the frequent changes within the weather. These sensors are essential for 

gardening and are connected to smart irrigation systems. 

 

Closed loop Control Systems  

 



 

Any system that can respond to the changes and make corrections by itself is 

known as closed loop control system. The only difference when compared to open 

loop system is the presence of feedback action. The block diagram of a closed loop 

system is shown in the figure. Here, r(t) is the input signal, e(t) is the error 

signal/actuating signal, u(t) or m(t) is the control signal/manipulated signal, b(t) is 

the feedback signal and c(t) is the controlled output. Here, the output of the machine 

is fed back to a comparator (error detector). The output signal is compared with the 

reference input, r(t) and the error signal, e(t) is sent to the controller. Based on the 

error, the controller adjusts the air conditioners input [control signal u(t)]. This 

process is continued till the error gets nullified. 

 

Tool Condition Monitoring and Predictive Maintenance 

Tool Condition Monitoring and Predictive Maintenance, utilize real-time 

sensor data—vibration, temperature, and acoustic emissions—combined with 

machine learning to monitor equipment health. By identifying tool degradation and 

predicting Remaining Useful Life, these technologies allow manufacturers to 

replace tools only when necessary, reducing downtime, preventing failures, and 

optimizing production in CNC machining. 

Condition Monitoring (CM) Techniques: Sensors collect real-time data to monitor 

parameters such as vibration, acoustic emissions, and temperature, which are critical 

for detecting tool wear. 



Predictive Maintenance Strategies: It goes beyond monitoring by applying machine 

learning models to detect anomalies and predict the exact time when a tool will fail, 

thus enabling optimized scheduling. 

Types of condition monitoring 

Condition monitoring encompasses various techniques designed to suit 

different types of machinery and operational environments. Each method focuses on 

specific parameters to provide accurate insights into equipment health. By 

understanding the strengths and applications of these techniques, you can identify 

the most effective strategies for optimizing performance and preventing failures: 

Vibration monitoring 

Vibration analysis is one of the most effective methods for detecting 

mechanical issues. Rotating machinery naturally produces vibration patterns, and 

changes in these patterns often indicate problems like bearing wear, imbalance, or 

misalignment. Advanced vibration sensors can detect subtle frequency changes that 

precede equipment failure by weeks or months. 

Thermal monitoring 

Temperature variations can reveal critical insights about equipment health. 

Excessive heat often signals friction, electrical resistance, or lubrication issues. 

Thermal imaging and temperature sensors can identify hot spots in motors, electrical 

panels, and mechanical components before they lead to catastrophic failure. 

Acoustic monitoring 

Unusual sound patterns often indicate bearing problems, cavitation in pumps, 

or electrical arcing, providing valuable diagnostic information. Acoustic sensors can 

detect frequencies that the human ear cannot, identifying issues that might otherwise 

go unnoticed. 

Additional monitoring methods 

Additional monitoring methods include oil analysis for detecting 

contamination and wear particles, electrical signature analysis for motor health, and 

pressure monitoring for hydraulic and pneumatic systems. 

 

 



Traditional vs. modern approaches 

Traditional condition monitoring relies on periodic manual inspections and 

handheld instruments. Technicians conduct weekly or monthly rounds, collecting 

data at specific points. While better than reactive maintenance, this approach comes 

with limitations: 

 infrequent data collection 

 potential human error 

 inability to capture intermittent problems 

Modern condition monitoring systems, however, provide continuous, automated 

data collection. Wireless sensors transmit real-time information to centralized 

platforms where algorithms analyze trends and generate alerts. This shift from 

periodic snapshots to continuous monitoring represents a significant leap in 

maintenance effectiveness. 

predictive maintenance 

Predictive maintenance uses condition monitoring data, combined with 

advanced analytics, to predict when equipment will likely fail. This approach 

enables maintenance teams to step in at the optimal time—before machine failure 

but after maximum useful life has been extracted from equipment components. 

condition monitoring in predictive maintenance 

Condition monitoring serves as the foundation for predictive maintenance 

strategies. The continuous data stream from monitoring systems feeds predictive 

algorithms that identify failure patterns and estimate remaining useful life. Without 

reliable condition monitoring, predictive maintenance becomes impossible. 

The predictive maintenance process begins with comprehensive data 

collection from multiple sensors and assets. This data flows to analytics platforms 

through a variety of networking technologies 

Once the data is collected, it is transmitted to a centralized analytics platform 

through secure networks. Data is analyzed and processed, often leveraging advanced 

technologies such as machine learning and artificial intelligence. Key metrics are 

extracted from the raw data to detect anomalies, identify trends, and gain actionable 

insights. These insights are then visualized, enabling maintenance teams to make 

informed decisions. The seamless data flow ensures that potential equipment issues 

are identified early, minimizing downtime and optimizing operational efficiency. 



Benefits of predictive maintenance 

Cost savings 

Predictive maintenance delivers substantial cost reductions through multiple 

channels. Organizations avoid expensive emergency repairs, reduce inventory of 

spare parts, and eliminate unnecessary maintenance activities. Studies show 

predictive maintenance can reduce maintenance costs by 20-30% compared to 

traditional approaches. 

Increased uptime 

By preventing unexpected failures, predictive maintenance significantly 

improves equipment availability. Planned maintenance during scheduled downtime 

is far less disruptive than emergency repairs that halt production unexpectedly. 

Enhanced equipment reliability 

Continuous monitoring and data-driven maintenance decisions improve 

overall equipment reliability. Assets operate closer to optimal conditions, reducing 

stress and extending operational life. 

Extended equipment lifespan 

Predictive maintenance helps extract maximum value from capital 

investments by extending equipment lifecycles. Rather than replacing assets based 

on age or calendar schedules, organizations can continue operating equipment as 

long as it remains reliable and cost-effective. 

Optimized maintenance planning 

Data-driven insights enable better resource allocation and scheduling. 

Maintenance teams can plan work more effectively, ensure proper parts availability, 

and coordinate activities across multiple assets. 

Enhanced workplace safety 

Preventing unexpected equipment failures reduces safety risks for workers, 

identifying dangerous conditions before they lead to accidents or injuries. 

 

 

 



IoT in machining 

IoT in machining transforms traditional, isolated CNC machines into 

intelligent, networked systems by utilizing sensors to collect real-time data on 

performance, tool wear, and machine health. Key benefits include reduced downtime 

through predictive maintenance, enhanced accuracy, automated quality control, and 

optimized production efficiency 

IoT in machining connects CNC machines to networks, enabling real-time 

monitoring, predictive maintenance, and data-driven optimization. By embedding 

sensors to track vibrations, temperatures, and tool wear, manufacturers reduce 

unexpected downtime, improve accuracy, and lower operational costs, transforming 

traditional shops into smart factories. 

Predictive Maintenance: Instead of scheduled maintenance, sensors analyze 

machine health to predict failures (e.g., spindle or bearing failure) before they 

happen, minimizing downtime and extending tool life. 

Real-time Monitoring & Data Analysis: Machines, such as CNC routers or EDM, 

transmit performance data in real-time. This allows operators to track KPIs, identify 

bottlenecks, and make immediate adjustments to machining parameters. 

Enhanced Quality Control: IoT systems monitor production parameters to detect 

deviations immediately, ensuring consistent quality and reducing waste. 

Remote Operations & Cloud Connectivity: Operators can monitor, program, and 

adjust machinery remotely using cloud-based platforms, increasing flexibility in 

production scheduling. 

Optimized Energy Consumption: IoT data helps analyze machine power 

consumption during cycles, leading to energy-saving optimizations. 

 

REAL TIME DATA ACQUISITION: 

 Real-time data acquisition (DAQ) in machine tools involves the automated, 

high-speed sampling of physical parameters (such as vibration, temperature, spindle 

speed, and motor current) and converting them into digital values for immediate 

monitoring, analysis, and control. This technology is critical for Industry 4.0, 

enabling predictive maintenance, reduced downtime, and improved machining 

precision by bridging the physical machining process with digital control systems 



Core Components of Machine Tool DAQ Systems 

 Sensors/Transducers: Devices that convert physical quantities into electrical 

signals (e.g., accelerometers for vibration, thermocouples for temperature, 

load cells for force). 

 Signal Conditioning: Circuits that amplify, filter, and isolate weak or noisy 

sensor signals to prepare them for digitization (e.g., analog filtering). 

 Analog-to-Digital Converter (ADC): Converts conditioned analog signals 

into discrete digital values at specific sampling rates. 

 Data Acquisition Hardware: Modules or cards (e.g., PCI Express, USB, 

EtherCAT) that receive the digital signals. 

 DAQ Software: Software for data logging, real-time display, visualization, 

and analysis 

 

COMMON DATA SOURCES IN MACHINE TOOLS 

 CNC Controllers (PLC): Direct extraction of data from the machine 

controller using protocols like OPC UA, MQTT, or NC-specific protocols. 

 Feedback Signals: Encoder signals from axes and spindles provide precise 

positional and rotational speed data. 

 Added Sensors: External sensors, such as current transducers for power 

monitoring or microphones for acoustic emission 

 

Key Parameters Monitored 

 Spindle Speed and Load: Monitoring spindle RPM and motor current (using 

devices like CT current transducers) to identify tool wear or cutting load 

changes. 

 Axis Positions (X, Y, Z): Tracking tool center point (TCP) position. 

 Tool Wear & Breakage: Detected through analysis of vibration signals or 

force sensors. 

 Energy Consumption: Monitoring power usage for energy-saving 

initiatives. 

 Thermal Distortion: Temperature monitoring of spindles or machine 

structures 

 



Benefits and Applications 

 Predictive Maintenance: Analyzing data to detect faults early, allowing 

maintenance before component failure. 

 Quality Control: Real-time correction of machining parameters (e.g., 

adjusting cutting speed) to ensure consistent workpiece dimensions. 

 Improved Efficiency: Reducing tool life waste and minimizing downtime 

 

Data Acquisition System Block Diagram 

The Data Acquisition System (DAQ) block diagram shows how physical 

signals from a original system are converted into digital data that can be processed 

and analyzed by a computer. The system consists of several stages that transform 

physical quantities into usable digital information. 

Physical System: The physical system represents the real-world environment 

or process where measurements are taken. It may include parameters such as 

temperature, pressure, vibration, speed, voltage, or current. These physical quantities 

cannot be directly processed by electronic systems, so they must first be detected 

using sensors. 

Transducer / Sensor: A sensor or transducer detects the physical quantity 

from the system and converts it into an electrical signal. For example, a 

thermocouple converts temperature into voltage, while a strain gauge converts 

mechanical strain into electrical resistance. The output at this stage is usually a weak 

analog signal. 

Signal Conditioning: The signal obtained from sensors is often very small 

and may contain noise or unwanted disturbances. The signal conditioning unit 

improves the signal quality by performing operations such as: 

Amplification: increases signal strength 

Filtering: emoves noise and interference 

Isolation: protects the system from high voltages 

Linearization: improves measurement accuracy 

 

 



 

After conditioning, the signal becomes suitable for further processing. 

Analog to Digital Converter (ADC): Most sensor outputs are analog signals, 

but computers work with digital data. The Analog to Digital Converter (ADC) 

converts the conditioned analog signal into a digital form consisting of binary 

numbers (0s and 1s). This conversion allows the computer to process the 

measurement data. 

Computer / Data Processing Unit: The computer or data processing unit 

receives the digital data from the ADC. Specialized software analyzes, displays, and 

stores the data. The results can be shown in the form of graphs, numerical values, or 

reports, enabling engineers to monitor system performance and make decisions. 

Physical Quantity → Sensor/Transducer → Signal Conditioning → ADC → 

Computer Processing → Display/Storage. 

This process allows accurate measurement, monitoring, and analysis of 

practical signals in industrial automation, research laboratories, power systems, and 

instrumentation applications. 

 



CLOUD INTEGRATION 

Cloud integration in machine tools involves connecting physical 

manufacturing equipment (CNC machines, sensors) to cloud platforms to enable 

real-time monitoring, data analytics, predictive maintenance, and operational 

optimization. This approach moves machine management from reactive to proactive, 

improving efficiency and reducing downtime. 

Cloud integration is the process of configuring multiple cloud services and 

on-premises systems to function as a unified IT ecosystem. It allows the seamless 

exchange of data and workflows between different applications and services. 

As organizations adopt more tools and services, the complexity of their IT 

landscape grows. Each new addition, while potentially beneficial on its own, can 

create silos and increase management challenges. This is where cloud integration 

shines, giving rise to sophisticated integration platform as a service (iPaaS) 

solutions. These powerful tools act as the conductors of your digital orchestra, 

ensuring that every component works in concert to drive your work forward. 

Types of Cloud Integration 

Application Integration 

Application integration involves connecting different software applications to 

ensure they work together harmoniously. It focuses on synchronizing data, 

automating workflows, and enabling communication between various applications, 

whether they’re hosted in the cloud or on-premises. Application integration also 

helps businesses streamline operations, reduce redundancy, and improve 

interdepartmental collaboration. 

Data Integration 

Data integration combines data from different sources to provide a unified 

view. Let’s look at two different approaches to performing this integration: 

Extract, Transform, Load (ETL): ETL involves extracting data from various sources, 

transforming it into a consistent format, and loading it into a target database or data 

warehouse. This process is typically performed in batch mode, which is suitable for 

handling large volumes of data and complex transformations. 

Extract, Load, Transform (ELT): ELT is a variation of ETL where data is extracted 

and loaded into the target system before any transformations are applied. This 



approach leverages the processing power of the target system (often a cloud-based 

data warehouse) to perform transformations, making it suitable for real-time data 

processing and analytics. 


