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Abstract:

The introduction of intelligent software solutions and emerging technologies in laser systems enhances
real-time process optimisation, predictive maintenance, and real-time monitoring, leading to improved
accuracy, efficiency, and quality. In this paper, the role of emerging software like artificial
intelligence(Al), machine learning (ML), and digital twins, with the emergence of innovative
technologies like robotics, computer-aided design (CAD), and smart sensors-in laser processing and
advanced modeling and simulation techniques driven by these technologies, is discussed.
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l. INTRODUCTION

Lasers are electromagnetic radiation whose photons are equal in frequency and phase, constructively
interfering with each other, and are characterized by unique properties like spatial coherence, high
monochromaticity, directionality, and high intensity [1]. Laser operation requires control over
parameters such as the laser power, beam shape, energy distribution, and beam trajectory. The
integration of laser processing with artificial intelligence (Al) and machine learning (ML) techniques
into the laser manufacturing process enables enhanced defect detection, real-time error correction,
adaptive control strategies, real-time process monitors, and feedback mechanisms. Numerical modeling
and simulation methods are crucial for creating ideal laser beam profiles and controlling the energy
distribution. The computational techniques with the sophisticated algorithms, digital twins, and
advanced simulation systems can enhance the precision, adaptability, optimization, efficiency, and
performance of laser operations, which leads to rapid advancements in automation, precision

engineering, and smart manufacturing. The integration of robotics and Al-guided laser-enabled 3D
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printing has revolutionized manufacturing by allowing the creation of complex geometries within
confined spaces with high precision and minimal waste.

1. INTEGRATION OF EMERGING TECHNOLOGIES IN LASER PROCESSING

The integration of emerging innovative technologies like artificial intelligence (Al) and machine
learning (ML) in laser systems ensures advanced process optimisation, predictive maintenance, and real-
time adjustments, which will improve accuracy, precision, adaptability, and reduce the risk of downtime
[2]. Al will significantly enhance the precision of laser material interaction models, allowing for the
design and fabrication of highly intricate structures with superior performance characteristics.

A digital twin in laser processing is used to stimulate, optimise, monitor, and control the laser
manufacturing process. By collecting and analysing data from sensors and other real-time sources,
digital twins predict and prevent defects, minimise manual intervention, enable precise adjustment of
processing parameters, and contribute to the development of new materials and processes [3].

Machine learning (ML) can be applied to analyse existing laser designs and performance data to create
new laser configurations with specific functionalities. ML algorithms can recognise patterns in sensor
data that indicate potential failures or performance degradation within a laser system, enabling
preventive maintenance and avoiding costly downtime. ML can analyse complex data generated during
laser material interactions such as cutting, welding, ablation, and material processing. ML can be used to
generate complex laser pulse shapes for specific applications such as shaping pulses for precise laser
surgery and proton acceleration [4]. The incorporation of machine learning algorithms in laser
manufacturing processes further optimizes process parameters and enables real-time defect detection,
thereby improving overall process efficiency and quality control [5].

Integrating a laser system with robotic arms and an automated workflow can reach difficult angles and
process complex 3D profiles and shapes. A robot can be equipped with lasers to remove surface
contaminants, rust, and create precise holes and intricate patterns in materials for subsequent treatments.
Internet of Things (loT) connectivity allows communication between the laser system and smart
manufacturing processes, and provides real-time data for analysis and control. loT-enabled systems
remotely check performance, diagnose problems, and plan predictive maintenance.

1. LASER MODELING AND SIMULATIONS

The use of advanced computerised models and simulations for laser processing provides a deeper
understanding of material behaviour, optimization of processing parameters, and improvement of
product quality. The open source software package Open FOAM (Open Field Operation and
Manipulation) and COMSOL have been implemented for modelling and simulating laser material
processing like laser beam deep penetration welding, remote cutting, or drilling [6]. The computer-
generated complex models employ algorithms that stimulate the physical interaction between a laser
beam and materials, facilitating the optimisation of processing parameters such as laser power, pulse
duration, scanning speed, energy distribution, beam trajectory, and laser beam shape to achieve desired
processing characteristics avoiding material overheating or deformation. The integration of advanced

techniques like Al and ML algorithms further enhances simulation capabilities, offering both accuracy
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and efficiency of manufacturing processes. Digital models and simulations are used to accurately predict
and optimise temperature gradients in laser material processing preventing overheating and unwanted
deformations to ensure desired material properties. Computer models and simulations in laser material
processing are crucial for understanding thermal effects, material interactions, and process dynamics
which reduces the need for costly physical experiments by virtually testing process parameters like laser
power and speed, enabling the design of precise and efficient laser processes like cutting, welding, and
additive manufacturing. The finite element method (FEM) and molecular dynamics (MD) are utilized
for modeling laser processing to construct accurate models that enable the achievement of optimal
results. FEM is used to model thermal and mechanical phenomena that occur during laser processing,
while MD allows for the simulation of material behaviour at the atomic level. The laser additive
manufacturing model reveals the relationship between process parameters and internal variables like
grain morphology, precipitate evolution, and phase transformation. Modeling and simulation of the laser
beam machining process can be done by implementing analytical, numerical, experimental, and artificial
intelligence methods [7]. By using simulations, various processing scenarios can be pretested,
significantly reducing the need for costly and time-consuming physical experiments. In the processing
of composite or multilayer materials, simulation can calculate the optimal parameters in advance,
minimising the risk of layer damage or undesirable structural changes.

V. MEDICAL DIAGNOSTICS AND TREATMENTS

Laser technology, when integrated with advanced imaging, Al algorithms, and robotics, can enhance
surgical precision, diagnostic accuracy, and automate complex procedures, enabling minimally invasive
procedures that could minimise patient discomfort. Laser-based diagnostic systems generate a large
amount of data, and software is used for analysis and visualization to aid in diagnosis and monitoring.
Lasers are also being used to develop new diagnostic techniques, such as high-resolution optical
coherence tomography. Laser-assisted microdissection (LAM) software allows for the precise selection
and dissection of biological tissues at a cellular level. Laser software enables exact cutting, vaporization,
and coagulation of tissues during surgery, minimising damage to surrounding areas. Laser coupled with
specialised software from advanced diagnostic tools, such as super resolution microscopy and optical
coherence tomography (OCT), to create detailed 3D images of tissues and identify disease at a
microscopic level. For selective cancer treatment, software can be used to control laser-assisted drug
delivery systems using nanotechnology to activate sensitizing drugs in specific cells, which are then
destroyed by laser light. Software controls low-level lasers to stimulate cellular processes, reduce
inflammation, and accelerate healing. Laser software is used to activate stem cells and promote the
regeneration of damaged tissues, offering advanced solutions for conditions like chronic wounds.

V. LASER CUTTING

Advancements in automation and robotics are enabling more complex and intricate cutting patterns,
improving productivity and precision. Software algorithms and real-time monitoring systems optimise
cutting paths, enabling faster cutting speeds with minimal errors, reducing processing times, maximising

material utilization, and reducing material waste. Integration of automation technologies such as robotic
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arms and Al-driven systems has streamlined workflow processes, minimising manual intervention and
maximising production efficiency. Combining lasers with quantum systems, Al, and 10T requires
overcoming challenges in design, compatibility, and scalability. Mazak, a manufacturer of machine
tools, has started utilizing Al-powered systems in their laser cutting machines. Laser cutting software
InkScape is used for creating designs for laser cutting and engraving. Robots precisely guide lasers to
cut complex shapes in materials with accuracy and high repeatability. In order to increase productivity
and accuracy in laser cutting, artificial intelligence (Al) algorithms can modify laser parameters in real
time based on the properties of materials.

VI. 3D PRINTING

The CAD software for laser-assisted 3D printing is essential for creating, modifying, and optimizing
digital models that can be transformed into physical objects via 3D printing. The comprehensive cloud-
based platform Autodesk Fusion 3600 provides a tool for the entire product development process from
design to print preparation. A tool based on Tinker CAD can be used for designing and creating 3D
models. Solid Works CAD software and slicer software programs slice the 3D model into layers for
specific printing technologies like laser stereolithography. The choice of software may depend on which
specific laser-based process is being used. The laser heats the plastic layers to improve the bond strength
between the fibre and plastic, enhancing the strength and rigidity of the final product. Companies such
as General Electric (GE), Rolls-Royce, and Boeing are extensively using laser-based 3D printing
technology. GE’s aviation division uses direct metal laser sintering to produce complex lightweight
metal parts for jet engines.

VII. LASER MARKING

Laser marking machines are becoming integral components of smart manufacturing systems. Laser
marking software integrated with Al algorithms focuses on surface modification to optimise laser
marking parameters and controls the laser's interaction with the material surface. Laser control software
for creating and engraving logos, serial numbers, barcodes, and QR codes is EzZCAD and Light Burn.
The software generates a barcode and QR code image and sends the code data to the laser, controlling
its movement and power for precise engraving onto a material. Cajosuite, Epilog, Thunder, and Keyence
laser software are designed for engraving 2D codes and QR codes on various materials. Laser GRBL is
open-source software for Windows and is able to load any image, picture, or logo to the laser. The
packaging and labelling sectors are experiencing a notable increase in demand for laser marking and
coding technologies.

VIIl. LASER SYSTEM IN DEFENCE

Laser systems in defence employ sophisticated software with advanced sensor systems for high-energy
beam control, threat detection, precise target acquisition, tracking, and engaging various aerial threats,
including drones, missiles, rockets, artillery, and mortars. Pointing and tracking software and algorithms
are used to analyse data from integrated sensors to guide the laser beam to its target with extreme
precision. The software integrates with broader command and control networks, providing optimal

power levels for different targets, determines the appropriate sequence and timing for engaging targets,
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and enhances overall situational awareness. Software in systems like the MK-I1 (A) and 3000-kilowatt
“Surya” enables the system to precisely neutralise fixed-wing aircraft, swarm drones, and even missiles.
The software is critical for the effectiveness of laser weapon systems, enabling them to operate with the
required speed and precision to counter a widening array of advanced aerial threats and become a key
component of future defence capabilitics. The US Army’s DEM-SHORAD uses software to control its
high-energy laser for defeating drones and Mortars. India’s laser DEW MK-II (A) utilizes software for
targeting and neutralizing aerial threats. Laser and their associated software can be used to detect and
monitor radioactive materials. Software-controlled laser range finders and targeting systems are used to
determine distances. Laser can be integrated with software for realistic battle simulations and training
exercises. Software is used in laser-based repair and restoration processes for valuable components in
the defence industry. Software enables regenerative payload on a satellite, which can process and route
data between multiple laser links within a network, reducing reliance on a ground station. Adaptive
software is crucial for managing and optimising the laser communication process, which involves
pointing lasers, locking onto ground signals, and adapting to changing conditions. As the laser network
grows, software will be essential for routing data, ensuring security, and maintaining communication
links.

IX. LASER SHOW

Laser show software enables the design and control of complex laser displays for events, concerts, and
other applications by allowing the creation of custom graphics, text, and effects synchronised with
music. Pangolin Quick Show is laser show control software that creates and controls stunning laser
shows and displays. Al stage laser light control software technology allows laser lights to automatically
adjust the colour, intensity, speed, and effect of light based on input such as the scene environment and
sound. The control software of the stage laser lights can be selected according to different needs and
scenarios. Laser World Show Editor is a powerful laser control software that supports controlling
multiple laser lights and has preset laser animations and special effects, as well as custom laser
animation editing functions. Show Editor is a laser show control software that provides timeline
programming as well as live laser show control features. Laser graph DSP is laser control software,
mainly used for stage concerts and other large-scale performances

X. CONCLUSION

Technological innovations and software offering solutions are expected to cause the laser processing
market to undergo several significant changes in the near future. Laser systems are being paired with
robotic arms for automated material handling and are expected to streamline manufacturing processes
and reduce human intervention. The future of laser technology lies in its integration with Al and IoT,
which will enable more intelligent and adaptive manufacturing processes. Al, digital twins, and ML

combine to expand the possibilities of laser processing.
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