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Ultrasonic Machining (USM) is an unconventional machining technique 
that removes material from workpieces with exceptional efficiency 
and precision by using high-frequency mechanical vibrations. The USM 
process, its elements, and its uses are thoroughly examined in this 
review paper. The paper discusses the advantages of USM, including high 
precision, low cost, high speed, minimal noise, and reduced tool wear. 
However, it also highlights the limitations of USM, such as low material 
removal rate, high energy requirements, difficulty in machining soft 
materials, limited deep hole drilling, and high tool wear rate. The paper 
also explores the different types of USM, including Rotary Ultrasonic 
Machining (RUM) and Chemical Assisted Ultrasonic Machining (CUSM), 
and their applications in various industries. Additionally, the paper 
discusses Ultrasonic Micro Machining (USMM), a technique used to 
machine micro components with complex features, and its advantages 
and limitations. Overall, this review paper provides a comprehensive 
overview of the USM process, its capabilities, and its limitations, making 
it a valuable resource for researchers and industry professionals seeking 
to understand and utilize this versatile machining technique.

Keywords: Ultrasonic Machining (USM), Non-conventional 
Machining, Micro Machining, Material Removal, Precision Engineering, 
Advanced Manufacturing

Introduction
Chandra Nath et al.1 suggested that Ultrasonic Machining 
(USM) is a non-conventional machining process that uses 
high-frequency mechanical vibrations to remove material 
from workpieces. Florian Feucht a et. al 20142 according to 
them USM is used for machining hard and brittle materials 
like ceramics, glass, and composites, as well as drilling, 
grinding, and cutting operations. The key components 
of a USM system include a power supply, a transducer, a 
tool designed to resonate at the ultrasonic frequency, and 
an abrasive slurry. USM offers advantages such as high 
precision, low material waste, reduced tool wear, and ability 
to machine hard and brittle materials. However, it also has 

limitations such as low material removal rate, high energy 
requirements, and difficulty in machining soft materials. 
Despite these limitations, USM has been continuously 
evolving with advancements in tool materials, process 
parameters, and machine design. New techniques, such as 
Rotary Ultrasonic Machining (RUM) and Chemical Assisted 
Ultrasonic Machining (CUSM), have further expanded the 
capabilities of USM.

This paper provides a comprehensive review of the 
USM process, including its principles, applications, 
advantages, and limitations. The paper also discusses the 
latest advancements in USM, including Ultrasonic Micro 
Machining (USMM), and its potential for future applications.
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Overview of Ultrasonic Machining (USM)
The growing demand for machining fragile materials, such 
as glasses, polycrystalline ceramics, and single crystals, as 
well as for increasingly sophisticated operations to produce 
complex forms and workpiece profiles, can be met by 
ultrasonic machining. This machining method is non-thermal, 
non-chemical, produces practically stress-free machined 
surfaces, and does not alter the workpiece’s microstructure, 
chemical composition, or physical characteristics, according 
to Kramer 19953 and Thoe et al. 1998.4 As a result, it is widely 
employed in the production of brittle and hard materials that 
are challenging to cut using other traditional techniques. 

Either a revolving diamond-plated tool or abrasive particles 
suspended in a fluid do the actual cutting. These variations 
are referred to as rotary ultrasonic machining (RUM) and 
stationary ultrasonic machining, respectively. By using a 
grit-loaded slurry that circulates between the workpiece 
and a tool that vibrates with a small amplitude, stationary 
(or conventional) ultrasonic machining (USM) removes 
material. The vibrating tool stimulates the abrasive grains 
in the flushing fluid, which causes them to gently and 
uniformly wear away the material, leaving a precise reverse 
form of the tool shape. The form tool does not abrade 
the workpiece itself. The method can only generate small 
shapes, usually less than 100, due to the homogeneity of the 
sonotrode-tool vibration (Thoe et al. 1998,4 The procedure 
can only make small shapes, usually less than 100 mm in 
diameter, due to the homogeneity of the sonotrode-tool 
vibration. The generator, grit system, operator controls, and 
sonotrode-toll assembly are all parts of the USM system. 
Fig. 1 shows a schematic illustration of the USM setup. The 
transducer, booster, and sonotrode make up the sonotrode-
tool assembly. The transducer is powered by an electronic 
generator that produces impulses between 19.5 and 20.5 
kHz. The output frequency is automatically adjusted to meet 
the tool’s resonant frequency, which varies depending on 
the material and shape of the sonotrode. 

The electrical pulses are transformed into vertical strokes 
by the transducer. The booster receives this vertical stroke 
and has the ability to either increase or decrease the stroke 
amount. The sonotrode-tool assembly then receives the 
altered stroke. Usually, the amplitude along the tool’s face 
ranges from 20 to 50 mm. The diameter of the abrasive grit 
is typically equal to the vibration amplitude.

 The grit system provides the cutting region with a slurry of 
water and abrasive grit, typically silicon or boron carbide. 
The slurry cools the sonotrode, eliminates trash and parti-
cles from the cutting area, and supplies abrasive particles 
to the cut. Komaraiah et al. 19885 and Thoe et al. 19984 
state that the overcut generated by USM, surface finish, 
and material removal rates are all dependent on the size 
of the abrasive particles. 

The operator controls offer inputs for either automatic or 
manual operation sequencing. Variable cutting force, ram 
position, ram movement speed control, cycle timing, retract 
distance, and flush timing are among the controls. USM 
can be categorized as a three-body abrasive wear from a 
tribological perspective. 

Direct hammering and impact action of the abrasive particles 
against the workpiece’s surface ensure material removal, 
according to Shawn, 19566 and Kainth et al., 1979.7 According 
to Soundararajan and Radhakrishnan (1986),8 up to 80% of 
the stock removal in fragile substances like glass may be 
attributed to the tool’s direct hammering of the abrasive 
particles on the workpiece, which results in material removal 
and particle crushing.

As minor material removal methods, cavitation effects 
from the abrasive slurry and chemical action related to 
the fluid used have been documented. The amplitude and 
frequency of ultrasonic oscillations, the static stress placed 
on the sonotrode, the tool design, the size and hardness of 
the abrasive particles, and other operating factors all affect 
the rate of material removal, surface polish, and machining 
precision. Komaraiah and Reddy (1993) examined the impact 
of material characteristics on the rate of material removal.9

Figure 1.Schematic representation of the USM 
apparatus

Principles of Ultrasonic Machining
Basic Mechanism

When a high frequency electric current is applied to a tool, 
it will produce vibrations with less amplitude and cause 
slurry to strike the workpiece with greater velocity. This 
impact causes the workpiece to fracture on its surface, and 
by removing material between the tool and the workpiece, 
a small gap between the workpiece and the tool allows for 
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greater accuracy in the workpiece’s shape and dimensions. 
The axis parallel to the tool feed is where the tools are fed. 
By assisting the slurry in flowing over the specified depth 
of the workpiece, the weight of the slurry is reduced by 
60% in the event of greater depth Fig 2.

The USM machining process involves three distinct process 
types, which are as follows:

•	 Electrical power is converted from low frequency to 
high frequency and supplied to a transducer, which 
transforms the high frequency electrical power into 
high frequency mechanical vibration motion.

•	 They will be guided and amplified vibrations.and which 
is subsequently delivered to the tool’s tip. 

Working piece material, grit size, and slurry concentration 
have all been investigated by Dvivedin et al.22 Teguchi’s 
approach is used to optimize a genetic algorithm (GM) 
ultrasonic machining process and generate parametric 
settings. Slurry concentration, slurry grit size, and input 
parameters are studied as the sole outcome of the 
ultrasonic machining process.

•	 For materials that are challenging to mill, the ultrasonic 
vibration machining method is an effective cutting 
method. It is discovered that these crucial characteris-
tics have an impact on the USM mechanism. Figure 3.

•	 Amplitude of tool oscillation 
•	 Frequency of tool oscillation 
•	 Tool material
•	 Type of abrasive
•	 Grain size or grit size of the abrasives 
•	 Feed force 
•	 Contact area of the tool
•	 Volume concentration of abrasive in water slurry 
•	 Ratio of workpiece hardness to tool hardness; ʄ=σw/σt

S. 
No Parameter Value

Effect

Surface 
Roughness MMR

1
Frequency 

of tool 
oscillation

Increase Increase Decrease

Decrease Decrease Increase

2 Tool material
Hard Increase Decrease

Soft Decrease Increase

3 Grain size
Large Decrease Increase

Small Increase Decrease

Figure 2.Shows that the working principle of 
ultrasonic machining process

Process Parameters

There are various process parameters which affect the 
machining process and these process parameters are usually 
optimized using optimization technique like Taguchi.10-15 
Even RSM is effective technique like Taguchi and these 
techniques are often integrated with weighted index 
method to perform multi objective optimization.16-19

Goswami Debkalpa et al. 2015.20 They contend that the 
development of unconventional machining techniques, such 
as ultrasonic machining, is crucial given the advancement 
of contemporary technology in the domains of ceramics, 
carbide, and nuclear and aerospace. A precise machine 
called ultrasonic machining doesn’t alter a material’s 
electrical, chemical, or thermal characteristics. 

There is less surface degradation and a low rate of material 
removal with this technique. It is employed to machine 
ductile and high-hardness materials. Ultrasonic machining 
is primarily known for its low rate of material removal, 
and it is important to maintain a precise and appropriate 
technique throughout the operation. Also, the ultrasonic 
machining method will preserve the surface roughness 
Tab 1. Controllable machining parameters, such as power 
rating, tool type, and slurry type, have been examined by 
Singh et al.21

Figure 3.Process parameter

Table 1.Effect of Parameters on Surface Roughness 
and MMR
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Tool Materials and Design

In USM, the tool material used should be ductile and 
durable. Metals like aluminum, however, have a very 
short lifespan. Stainless steel and low-carbon steel 
perform better. the qualitative connection between 
lambda, or workpiece/tool hardness, and the rate of 
material removal. The tool is overstressed by a long 
tool. The majority of USM tools are shorter than 25 mm. 
In actual use, the tool’s slenderness ratio shouldn’t be 
greater than 20. The tool’s undersizing is determined by 
the abrasive’s grain size. If the tool size is equal to the 
hole size less twice the abrasive size, that is adequate.23 
Transducers: - 

•	 The transducer generates the ultrasonic vibrations. 
A power amplifier is used after an appropriate sig-
nal generator to drive the transducer. The following 
concept governs how the USM transducer operates. 

•	 Piezoelectric effect 
•	 Magneto strictive effect 
•	 Electro strictive effect

Types of Ultrasonic Machining
Rotary Ultrasonic Machining (RUM)

A tool that rotates vertically is permitted to spin around 
the sonotrode’s axis in RUM. In order to grind down the 
part’s surface, diamonds are impregnated into the tool’s 
surface. This kind of machine does not remove material 
using abrasive slurry. 

Chemical Assisted Ultrasonic Machining (CUSM)

This type of machining involves the use of an abrasive fluid 
that is chemically reactive.

Ultrasonic Micro Machining (USMM)

Micro Ultrasonic Machining (Micro-USM) is a specialized 
form of ultrasonic machining that focuses on creating mi-
cro-scale features on hard and brittle materials. It leverages 

the principles of ultrasonic machining but with enhanced 
precision and control suitable for producing extremely 
small and intricate details, typically in the range of a few 
micrometers to millimeters Fig 4.

Applications of Ultrasonic Machining
Ultrasonic machining is a versatile machining technique 
employed in several sectors such as electronics, 
semiconductor production, optics, jewelry and watchmaking, 
micro-machining for nanotechnology, tool and die 
fabrication, medical implants, prosthetics, microfluidic 
devices, surgical tools, aerospace, automotive, and 
automotive components. By enabling accurate cuts without 
heat damage, it minimizes waste and enhances precision. 
Within the field of electronics, it finds use in the fabrication 
of capacitors, gyroscopes, and optical components. It is 
used in optics to fabricate lenses, mirrors, prisms, and 
optical components from materials such as glass, quartz, 
and Sapphire. Deposition in jewelry and watchmaking 
refers to the process of engraving and molding hard 
materials to create complex patterns, which are essential 
for high-end timepieces and jewelry. In microchemistry 
and microfluidics, it generates micro holes and complex 
microstructures for inkjet nozzles and other microfluidic 
instrumentation. It produces difficult-to-machine tool 
materials such as carbides and hardened steels for a 
variety of uses in tool and die manufacturing. In the field of 
aerospace, it generates intricate forms and characteristics in 
engine components, gearbox components, and lightweight 
material processing, leading to enhanced fuel economy, 
decreased emissions, and optimal performance.24 Within 
the realm of automobile production, it produces hard 
tooling, dies, molds, stamping tools, high-performance 
brake discs, calipers, and components for exhaust systems. 
Table 2 presents the industrial applications of ultrasonic 
machining.

4
Concentration 
of abrasive in 
water slurry

High Decrease Increase

Low Increase Decrease

5 Workpiece 
hardness

Increase Increase Decrease
Decrease Decrease Increase

6 Type of 
abrasive

Hard Decrease Increase
Soft Increase Decrease

Figure 4. Micro Machining

Industry Application Description Materials Benefits Examples

Electronics and 
Semiconductor

Wafer Dicing and 
Cutting

Precise cuts without 
thermal damage or 

cracking

Silicon, 
Sapphire, 

Glass

High precision, 
reduced waste

Semiconductor 
manufacturing

Table 2.Industrial Applications of Ultrasonic Machining
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Fabrication of 
MEMS

Creating micro-scale 
features on substrates

Silicon, 
Ceramics, 

Metals

Increased 
accuracy, 

reduced size

Accelerometers, 
Gyroscopes

Processing of 
Ceramics

Machining piezoelectric 
ceramics and other 

materials

Ceramics, 
Ferrites

High precision, 
improved 

performance

Capacitors, 
Resonators

Optics

Manufacturing 
of Optical 

Components

Fabrication of lenses, 
mirrors, prisms, and 

optical parts

Glass, 
Quartz, 

Sapphire

High precision, 
improved optical 

quality

Lenses, Mirrors, 
Prisms

Micro Lens 
Arrays and 

Diffractive Optics

Creation of complex 
micro-structures on 

optical surfaces

Glass, 
Quartz, 

Polymers

Increased 
accuracy, 

improved optical 
performance

Cameras, 
Sensors, 
Photonic 
devices

Jewellery and 
Watchmaking

Engraving and 
Shaping

Precision engraving 
and shaping of hard 

materials

Diamonds, 
Sapphires, 
Ceramics

High precision, 
intricate designs

Luxury watches, 
Jewellery

Machining 
of Ceramic 
and Metal 

Components

Producing fine details 
and smooth finishes

Ceramics, 
Metals

High precision, 
improved 
durability

Watch 
components, 

Jewellery

Micromechanics 
and 

Microfluidics

Micro Hole 
Drilling

Creating micro holes 
and intricate micro-

structures

Metals, 
Ceramics, 
Polymers

High precision, 
increased 
accuracy

Inkjet nozzles, 
Microfluidic 

devices

3D 
Microfabrication

Producing complex 3D 
micro-structures and 

channels

Metals, 
Ceramics, 
Polymers

Increased 
accuracy, 
improved 

performance

Microreactors, 
Mixers

Research and 
Development

Prototyping 
of Advanced 

Materials

Machining and testing 
new materials and 

composites

Various 
materials

High precision, 
rapid prototyping

Material science 
research

Micromachining 
for 

Nanotechnology

Development of 
components at the 

micro and nanoscale

Various 
materials

Increased 
accuracy, 
improved 

performance

Nano sensors, 
Actuators

Tool and Die 
Making

Manufacture of 
Hard-to-Machine 

Tool Materials

Machining and shaping 
carbides, hardened 

steels, etc.

Carbides, 
Hardened 

Steels

High precision, 
improved 
durability

Dies, Molds, 
Punches

Creating Fine 
Details and 

Complex Shapes

Enabling intricate 
cavities, patterns, and 

contours

Metals, 
Ceramics

High precision, 
improved 

performance

Tooling 
components

Ceramic and 
Glass

Cutting and 
Shaping of 
Ceramics

Cutting, drilling, and 
shaping advanced 

ceramics
Ceramics

High precision, 
improved 

performance

Insulators, 
Cutting tools

Precision Glass 
Machining

Creating precision 
features in glass 

components
Glass

High precision, 
improved optical 

quality

Displays, 
Windows, 

Lenses

Defense and 
Security

Manufacturing of 
Advanced Armor

Machining ceramics 
and composite 

materials for armor 
plating

Ceramics, 
Composites

High precision, 
improved 
protection

Armor plating, 
Protective gear
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Production of 
Sensors and 
Surveillance 

Devices

Machining precision 
components for 

surveillance equipment

Metals, 
Ceramics

High precision, 
improved 

performance

Surveillance 
equipment, 

Sensors

Medical

Medical Implants 
and Prosthetics

Machining complex 
shapes and features 

in biocompatible 
materials

Titanium, 
Cobalt-

Chromium, 
Ceramics

High precision, 
improved 

biocompatibility

Orthopaedic 
implants, Dental 

prosthetics

Microfluidic 
Devices

Fabrication of micro-
channels and intricate 

patterns

Polymers, 
Glass

High precision, 
improved 

performance

Diagnostic 
devices, Lab-on-

a-chip

Surgical Tools

Manufacturing 
precision surgical 
instruments and 

components

Metals, 
Ceramics

High precision, 
improved 
durability

Surgical 
instruments, 
Components

Aerospace

Machining of 
Ceramics and 
Composites

Creating complex 
shapes and intricate 

features

Ceramics, 
Composites

High precision, 
improved 

performance

Engine 
components, 

Thermal shields

Precision 
Components

Producing high-
precision components 
like turbine blades and 

MEMS sensors

Metals, 
Ceramics

High precision, 
improved 

performance

Turbine blades, 
MEMS sensors

Drilling and 
Shaping Hard 

Metals

Drilling fine holes and 
creating precise shapes Metals

High precision, 
improved 
durability

Aerospace 
components

Automotive

Manufacturing of 
Hard Tooling

Fabricating hard dies, 
molds, and stamping 

tools

Carbides, 
Hardened 

Steels

High precision, 
longer tool life

Automotive 
parts 

manufacturing

Manufacturing of 
Hard Tooling

Fabricating hard dies, 
molds, and stamping 

tools

Carbides, 
Hardened 

Steels

High precision, 
longer tool life, 

reduced tool 
wear

Automotive 
parts 

manufacturing

Precision 
Machining 
of Engine 

Components

Machining intricate 
features and fine 

tolerances in engine 
parts

Metals 
(Aluminum, 

Steel, 
Titanium)

High precision, 
improved 

performance and 
fuel efficiency

Pistons, Cylinder 
heads, Valve 

seats

Machining of 
Transmission 
Components

Producing precision 
gears and transmission 

components

Hardened 
Steels, 

Ceramics

Improved 
durability, 
smoother 
operation

Gears, Shafts, 
Bearings

Lightweight 
Material 

Processing

Machining lightweight 
materials for weight 

reduction and efficiency

Aluminum, 
Magnesium 

Alloys

Increased fuel 
efficiency, 
reduced 

emissions

Engine blocks, 
Chassis 

components

Electric Vehicle 
Components

Precision machining 
for electric motor parts 

and battery housing

Copper, 
Aluminum, 
Composite 
materials

Enhanced 
performance, 

reduced energy 
loss

Electric motors, 
Battery cases
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Advantages and Limitations of Ultrasonic 
Machining
Ultrasonic machining offers numerous advantages, 
including versatility in feature shapes, high aspect ratios, 
and improved component performance. It can machin 
various features, such as round, square, and odd-shaped 
through-holes and cavities, enhancing design flexibility. 
It can also machin preexisting features without affecting 
integrity or surface finish, reducing material waste. It also 
improves surface integrity, enhancing fatigue strength and 
component lifespan. It also reduces stress and fractures, 
increasing reliability. It is burr-free and distortion-free, 
requiring less post-processing. It can be combined with 

other advanced technologies for enhanced capabilities. 
It is noiseless, user-friendly, and suitable for non-metallic 
materials. However, there are limitations to ultrasonic 
machining. High tool wear rate, limited accuracy, restricted 
machining area and depth, low material removal rate, high 
energy requirement, difficulty in machining soft materials, 
limited deep hole machining, the need for skilled labor, 
regular maintenance and repair work, and being affected 
by material properties. These limitations can lead to 
increased costs, reduced material options, and increased 
labor costs. Despite these challenges, ultrasonic machining 
remains a viable option for machining various materials and 
applications.  Table 3 presents the advantages of ultrasonic 
machining, while Table 4 outlines its limitations.

Brake System 
Component 

Manufacturing

Machining high-
performance brake 
discs and calipers

Ceramics, 
Metals

Improved braking 
efficiency, high 
temperature 

resistance

Brake discs, 
Calipers

Exhaust System 
Machining

Machining complex 
exhaust components 
for emission control

Stainless 
Steel, 

Inconel

High precision, 
improved 

exhaust flow, 
reduced 

emissions

Catalytic 
converters, 

Mufflers

Machining of 
Fuel Injection 

Systems

Producing high-
precision fuel injectors 

and components

Metals 
(Steel, 

Aluminum)

Improved fuel 
efficiency, 
reduced 

emissions

Fuel injectors, 
Nozzles

Table 3.Advantages of Ultrasonic Machining

Advantage Description Benefits

Versatility in Feature 
Shapes

Machining of various feature shapes, including round, 
square, and odd-shaped thru-holes and cavities Increased design flexibility

High Aspect Ratios Aspect ratios up to 25-to-1 possible, depending on 
material type and feature size

Improved component perfor-
mance

Machining of Preexisting 
Features

Machining of parts with preexisting features without 
affecting integrity or surface finish Reduced material waste

Good Surface Integrity Enhanced fatigue strength due to compressive stress 
induced in the top layer Improved component lifespan

Reduced Stress and Frac-
tures

Lower likelihood of fractures and device failure due to 
high-quality cuts Increased reliability

No Thermal Damage No thermal damage, residual stress, or changes to 
material properties

Preservation of material prop-
erties

Burr-Free and Distor-
tion-Free

Burr-less and distortion-free machining with clean 
and precise finished surfaces

Reduced post-processing re-
quirements

Compatibility with Other 
Technologies

Can be combined with other advanced technologies 
for enhanced capabilities Increased versatility

Noiseless Operation Suitable for applications requiring low noise levels Improved working environment

User-Friendly Equipment Easy operation by both skilled and unskilled operators Reduced training requirements
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Recent Advancements in Ultrasonic Machining
Tool Materials and Design

The use of new materials like cubic boron nitride (CBN), 
polycrystalline diamond (PCD), and specially coated carbide 
tools has increased tool life and performance in ultrasonic 
machining. These materials offer better wear resistance, 
heat resistance, and hardness, which is crucial for ma-
chining hard and brittle materials. Recent advancements 

High Surface Finish and 
Accuracy

Excellent surface finish and high accuracy for precise 
component production Improved component quality

Suitable for Non-Metallic 
Materials

Effective machining of materials with poor electrical 
conductivity Increased material options

Limitation Description Challenges

High Tool 
Wear Rate

Abrasive slurry causes 
high tool wear, making it 
difficult to hold close tol-

erances

Increased 
tooling 
costs

Limited Accu-
racy

Slurry wear on machined 
hole walls limits accuracy, 
particularly for small holes

Reduced 
precision

Restricted 
Machining 
Area and 

Depth

Limited machining area 
and depth of cut

Reduced 
compo-

nent com-
plexity

Low Material 
Removal Rate

Relatively low material 
removal rate compared to 

conventional methods

Increased 
machining 

time

High Energy 
Requirement

Higher energy input re-
quired for cutting opera-

tions

Increased 
operating 

costs
Difficulty in 
Machining 
Soft Mate-

rials

Challenges in machining 
soft materials due to de-
formation and damage

Reduced 
material 
options

Limited Deep 
Hole Machin-

ing

Challenges in drilling deep 
holes due to restricted 

slurry movement

Reduced 
compo-

nent com-
plexity

Requirement 
of Skilled La-

bour

Need for skilled labor to 
operate equipment

Increased 
labor costs

Regular Re-
pairing Work

Regular maintenance and 
repair work required

Increased 
downtime

Affected by 
Material 

Properties

Affected by electrical or 
chemical characteristics of 

work material

Reduced 
material 
options

have focused on creating tools with micro or nano-scale 
surface textures. These textured tools reduce friction and 
adhesion between the tool and workpiece, improve debris 
removal, and enhance the efficiency and precision of the 
machining process.

Process Parameters and Optimization

High-Frequency Ultrasonic Machining

•	 Higher Frequency Ultrasonic Transducers: The de-
velopment of high-frequency ultrasonic transducers 
(above 60 kHz) has improved the machining of mi-
cro-features and ultra-precision parts. Higher frequen-
cies lead to finer abrasive particle impacts, resulting 
in better surface quality, less damage to the material, 
and more precise micro-machining capabilities.

•	 Multi-Frequency Ultrasonic Machining: New systems 
can operate at multiple ultrasonic frequencies, allow-
ing for flexibility in machining different materials and 
optimizing the process for various applications. This 
adaptability is particularly beneficial for machining 
materials with varying hardness or composite materials 
with different layers.

Improved Abrasive Slurry and Delivery Systems

•	 Nano-Abrasive Slurries: Recent advancements have 
led to the use of nano-sized abrasive particles in the 
slurry, which enhances the material removal rate, 
precision, and surface finish. Nano-abrasives provide 
a finer finish and enable the machining of features at 
a micro and nano scale.

•	 Optimized Slurry Delivery Systems: Modern ultrasonic 
machines are equipped with improved slurry delivery 
systems that ensure consistent distribution of abra-
sive particles, reduce clogging, and enhance cooling. 
This results in higher machining efficiency and better 
surface quality.

Machine Design and Automation

Advanced Machine Design for Ultrasonic Machining

•	 High-Frequency Ultrasonic Generators: Modern ultra-
sonic machines use high-frequency ultrasonic genera-
tors that produce vibrations in the range of 20 kHz to 
100 kHz or more. These generators provide better con-
trol over vibration amplitude and frequency, enabling 
higher precision and improved material removal rates.

Optimized Tool Design

•	 Shape and Material: The design of the ultrasonic tool 
(sonotrode) is optimized to match the specific applica-

Table 4.Limitations of Ultrasonic Machining



41
Kumar P

J. Adv. Res.Instru Control Engi. 2024; 11(2)

tion. For example, tools made of materials like tungsten 
carbide, titanium, or steel with specific geometries 
(conical, cylindrical, or custom shapes) are selected 
to maximize efficiency and reduce wear.

•	 Tool Wear Monitoring: Real-time monitoring systems 
are integrated to detect tool wear and automatically 
compensate for it, ensuring consistent performance 
and prolonging tool life.

Enhanced Transducer Design

•	 Piezoelectric and Magnetostrictive Transducers: 
Transducers are key components that convert electrical 
energy into ultrasonic vibrations. Modern designs use 
advanced piezoelectric materials or magneto strictive 
materials to provide high power output with greater 
efficiency and reliability.

•	 Cooling Systems: Integrated cooling systems are de-
signed to dissipate the heat generated by the trans-
ducer, preventing overheating and extending its op-
erational lifespan.

Robust Machine Structures

The machine’s structural components, such as the frame, 
worktable, and column, are designed to minimize vibrations, 
thermal expansion, and deflections, ensuring high precision 
and stability during machining. Materials like granite or 
polymer composites are often used for their damping 
properties.

Automation in Ultrasonic Machining

Automated Tool and Workpiece Handling

•	 Robotic Integration: Robotic arms or automated 
handling systems are integrated to load and unload 
workpieces and change tools. This reduces manual 
intervention, enhances productivity, and allows for 
continuous operation in manufacturing environments.

•	 Automated Tool Changers: Machines are equipped 
with automatic tool changers that can switch tools in 
response to different machining requirements, reducing 
downtime and enabling flexible manufacturing.

Intelligent Control Systems

•	 Adaptive Control: Advanced control systems use real-
time data from sensors to adjust machining parameters 
(such as vibration frequency, amplitude, and feed rate) 
dynamically based on tool wear, material properties, 
and desired surface finish. This leads to improved 
machining accuracy and reduced cycle times.

•	 Closed-Loop Feedback: Ultrasonic machining systems 
are equipped with sensors to provide closed-loop 
feedback on tool position, vibration amplitude, cutting 
force, and temperature. These systems automatically 
adjust operating conditions to maintain optimal 
performance.

Process Automation and Integration

•	 Programmable Logic Controllers (PLCs): PLCs manage 
and coordinate various machine functions, such as tool 
positioning, slurry delivery, ultrasonic power control, 
and cooling. This enables precise and consistent 
machining operations.

•	 Supervisory Control and Data Acquisition (SCADA): 
SCADA systems are integrated to monitor and control 
multiple ultrasonic machining units, providing real-
time data visualization, analysis, and remote-control 
capabilities.

Smart Technologies in Ultrasonic Machining

Internet of Things (IoT) and Connectivity

•	 IoT Sensors and Data Analytics: Ultrasonic machines 
are equipped with IoT sensors that continuously collect 
data on vibration frequency, tool wear, temperature, 
and machining conditions. This data is analyzed 
using cloud-based platforms to optimize machine 
performance, predict maintenance needs, and reduce 
downtime.

•	 Remote Monitoring and Diagnostics: IoT connectivity 
enables remote monitoring and diagnostics of ultrasonic 
machines, allowing for quick response to any issues 
and ensuring minimal disruption to production.

Artificial Intelligence (AI) and Machine Learning

•	 Predictive Maintenance: AI algorithms are used 
to predict tool wear and machine failures before 
they occur, based on historical data and real-time 
sensor inputs. This helps in scheduling maintenance 
proactively, reducing unexpected downtime, and 
extending the life of machine components.

•	 Process Optimization: Machine learning models 
analyze machining data to optimize parameters such 
as feed rate, ultrasonic power, and vibration amplitude, 
resulting in enhanced efficiency, surface quality, and 
reduced material wastage.

Hybrid Ultrasonic Machining and Automation

Combination with Other Machining Processes

•	 Ultrasonic Vibration-Assisted Machining (UVAM): 
Ultrasonic machining is combined with conventional 
processes such as milling, drilling, and turning. The 
ultrasonic vibrations reduce cutting forces and tool 
wear, resulting in better surface finishes and higher 
machining efficiency. Automation systems control both 
the ultrasonic and conventional machining parameters 
to achieve optimal results.

•	 Laser-Assisted Ultrasonic Machining (LAUM): 
Combining lasers with ultrasonic machining enhances 
material removal rates and allows for machining of 
extremely hard or brittle materials. Automation 
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systems coordinate the operation of the laser and 
ultrasonic transducer for precise control of heating 
and vibration.

Optimized Slurry Delivery and Management   
Systems

Automated Slurry Delivery Systems

•	 Smart Abrasive Slurry Control: Automated systems 
monitor and control the flow rate, concentration, 
and particle size of the abrasive slurry. This ensures 
consistent material removal rates and surface quality, 
while minimizing slurry waste.

•	 Recycling and Filtering: Modern ultrasonic machining 
systems include automated slurry recycling and filtering 
units, which separate used abrasives and contaminants, 
allowing for reuse of the slurry. This reduces costs and 
environmental impact.

Advanced Safety and Human-Machine Interfaces 
(HMIs)

Safety Automation Features

•	 Real-Time Monitoring: Safety sensors and interlocks 
are integrated into the machine to monitor its status 
and shut down operations in case of malfunctions or 
hazardous conditions, ensuring operator safety.

•	 Collision Detection: Systems can detect potential 
collisions between tools, workpieces, or machine 
components and automatically stop operations to 
prevent damage.

User-Friendly HMIs

•	 Touchscreen Controls and AR/VR Interfaces: Modern 
ultrasonic machining machines are equipped with 
touchscreen interfaces and even augmented reality 
(AR) or virtual reality (VR) tools to guide operators 
through setup, operation, troubleshooting, and 
maintenance tasks.

•	 Remote Control Capabilities: HMIs with remote control 
capabilities allow operators to monitor and control 
machines from a distance, reducing downtime and 
improving flexibility in operations.

Sustainable Design and Automation

Energy-Efficient Machines

Machines are designed to optimize energy use by reducing 
power consumption during non-machining periods and 
incorporating energy-efficient components such as variable 
frequency drives (VFDs) and smart power management 
systems.

Eco-Friendly Materials and Processes

•	 Dry Ultrasonic Machining: Developments in dry ul-
trasonic machining techniques eliminate the need for 

liquid slurry, reducing waste and environmental impact 
while simplifying waste management.

Future Directions and Challenges
Emerging Trends and Technologies

Emerging trends in ultrasonic machining are characterized 
by the integration of hybrid processes, smart systems, 
and sustainable technologies. Innovations in micro and 
nano-machining, AI-driven automation, digital twins, and 
eco-friendly practices are pushing the boundaries of what 
ultrasonic machining can achieve. These trends address the 
growing need for precision, efficiency, and sustainability in 
a wide range of industries, from aerospace and biomedical 
to consumer electronics and beyond. The challenges of 
adapting ultrasonic machining to new materials, processes, 
and scales will continue to drive research and development 
in this field.

Research and Development Needs

To fully unlock the potential of ultrasonic machining, R&D 
efforts must focus on improving our understanding of 
material removal mechanisms, developing advanced tool-
ing materials and coatings, optimizing hybrid processes, 
and enhancing real-time monitoring and control systems. 
Additional research in micro and nano-machining, energy 
efficiency, digital technologies, and expanding material ca-
pabilities will further broaden the applications of ultrasonic 
machining and make it more sustainable and efficient. Ad-
dressing these R&D needs will enable ultrasonic machining 
to meet the growing demands of modern manufacturing 
and emerging industries.

Conclusion
Ultrasonic machining (USM) is a non-traditional machining 
technique used for machining brittle materials, glass, 
ceramics, and metals. It has numerous benefits, including 
exceptional accuracy, minimal material wastage, and the 
ability to treat rigid and fragile materials. It is used in 
various sectors, including electronics, optical, aerospace, 
and automotive. However, USM has limitations such as 
poor material removal rates, significant energy demands, 
and challenges in machining rigid materials.

Despite these constraints, USM remains a viable choice 
for machining various materials and applications. The 
technology is continuously advancing with advancements 
in robotics, automation, and intelligent technologies. The 
synergy of IoT sensors, data analytics, AI, and machine 
learning is augmenting machine efficiency, forecasting 
maintenance requirements, and prolonging the lifespan 
of machine components.

Future goals and challenges in USM include addressing 
growing trends, developing tooling materials, optimizing 
hybrid processes, and improving real-time monitoring 
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and control schemes. With ongoing technological 
advancements, USM is expected to significantly impact the 
future of manufacturing by enabling the creation of intricate 
components with exceptional accuracy and efficiency.

In conclusion, USM is a potent technology with numerous 
advantages and prospects for revolutionary advancements. 
Its unique blend of accuracy, adaptability, and effectiveness 
makes it a compelling choice for many sectors. With 
ongoing research and development efforts, we may see 
more captivating applications and breakthroughs in the 
next years.
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