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Preface

Manufacturing engineering is at the heart of industrial innovation, influencing every-
thing from creating simple consumer products to developing complex machinery. In
the rapidly evolving field of manufacturing engineering, fundamentals equip profes-
sionals with the knowledge and skills to design, analyze, and improve manufac-
turing processes. By integrating digital visualization techniques into education, we
empower engineers to understand better and optimize these processes, enhancing
efficiency and productivity.

Chapter 1 introduces the role of manufacturing engineering, tracing its histor-
ical development and projecting future trends likely to shape the industry. This
foundational chapter sets the stage for a deeper exploration of manufacturing
principles.

Chapter 2 offers an overview of the manufacturing landscape, examining the
various types of products, manufacturing processes, and production lines that define
modern industry. The formation of technological assembly schemes is explained in
detail. Moreover, the critical steps for preparing manufacturing and comprehensive
classification of technological processes are described.

Chapter 3 discusses locating, a crucial aspect of manufacturing precision. This
chapter covers the fundamental principles of locating, the classification of locating
methods, and the design, process, and measuring datums that ensure accuracy
in production. Real-world case studies are presented to illustrate the practical
application of these concepts.

Chapter 4 focuses on product quality, with a particular emphasis on accuracy
indicators, machining accuracy, and surface roughness. The chapter also explores the
impact of surface quality on the exploitation properties of manufactured products,
underscoring the importance of accuracy in every stage of themanufacturing process.

Chapter 5 describes the technological processes inmachining, outlining the funda-
mental principles and strategies for determining workpiece machining routes. This
chapter also discusses selecting appropriate machine tools and fixtures, providing a
strategic approach to optimizing machining processes.

The final chapter, Chap. 6, presents a detailed examination of various machining
methods, including turning, drilling, milling, grinding, and gear machining. Each

v



vi Preface

method is discussed in depth, emphasizing the practical application of these
techniques in the manufacturing industry.

Engineering education is essential for fostering innovation and solving complex
problems in today’s rapidly advancing technological landscape. In manufacturing
engineering, it is crucial to present fundamental concepts in a way that is both acces-
sible and engaging. This book integrates QR codes that can be scanned using a
specially developed mobile application. These QR codes link to interactive digital
content that simplifies complex topics, making them easier to understand and apply.
By combining traditional learning with modern digital tools, this book provides
a comprehensive and intuitive approach to mastering manufacturing engineering
fundamentals.

A newmobile application, ManuVis, is specifically designed to enhance the engi-
neering education experience for students and professionals. Available for Android
and iOS devices, this app aims to make learning more accessible, interactive, and
practical. The app provides a digital tool for visualizing key concepts in manufac-
turing engineering, offering an interactiveway to explore product structure, assembly
processes, technological assembly schemes, and locating methods. ManuVis makes
the learning experience seamless and enjoyable with detailed scenarios and intuitive
designs. The app can be easily downloaded using the QR codes below, which provide
direct links to the Google Play and AppStore markets.

This mobile application represents a significant step forward in engineering
education, making it more accessible, flexible, and engaging.
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This book aims to bridge the gap between traditional engineering concepts and
modern digital tools, providing a comprehensive guide for students, professionals,
and curious learners interested in mastering manufacturing engineering.
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Chapter 1
Introduction to Manufacturing
Engineering

1.1 Role of Manufacturing Engineering

“Manufacturing” can be defined as transforming raw materials and components into
finished products through various technological methods and operations. Manufac-
turing may include machining, chemical processing, assembly, and other processes
that result in goods for use or sale.

The term “manufacturing” has its roots in Middle French and means “process of
making”. Originally, this word came from the Classic Latin “manu” and Middle
French “facture”. The earliest usage of the word manufacturing in the English
language was recorded in the mid-sixteenth century to refer to making products
by hand (Oxford English Dictionary 2010; Srivatsan et al. 2018). There are different
interpretations of the term, summarized in Table 1.1.

Manufacturing engineering is critical for the modern economy and techno-
logical progress, as well as for ensuring sustainable development and global
competitiveness (Fig. 1.1).

Manufacturing engineering is the basis for all other industries. It involves the
production of tools, machinery, and equipment necessary to create a variety of
goods, from consumer commodities to heavy machinery (Katina et al. 2023; Mishra
et al. 2014). Manufacturing engineering brings new technologies and innovations
to production processes, including automation, robotics, and the introduction of
advanced manufacturing technologies that improve efficiency and product quality
(Levinson 2017). Manufacturing engineering provides jobs and stimulates economic
development. Engineering is also critical for exports, contributing to economic
stability and growth. Mechanization and automation of production processes help to
increase productivity. This reduces costs and increases production volumes, which
is key to competitiveness in the global market (Relich et al. 2022). The machine-
building industry has a multiplier effect on other sectors of the economy, including
construction, transport, energy, and information technology (Novinkina et al. 2021).

© The Author(s) 2025
V. Ivanov et al., Fundamentals of Manufacturing Engineering Using Digital
Visualization, Springer Tracts in Mechanical Engineering,
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2 1 Introduction to Manufacturing Engineering

Table 1.1 Definition of manufacturing

Cambridge Business English Dictionary (2024) The business of producing goods in large
numbers, especially in factories

Merriam-Webster Dictionary (2003) The process of making products, especially
with machines in factories

Investopedia (Kenton 2024) The processing of raw materials or parts into
finished goods using tools, human labor,
machinery, and chemical processing

Oxford Learner’s Dictionaries (2024) The business or industry of producing goods
in large quantities in factories, etc

Collins Dictionary (2024) The business of making things in factories

CIRP Encyclopedia of Production Engineering
(2014)

The entirety of interrelated economic,
technological, and organizational measures
directly connected with the processing/
machining of materials, i.e., all functions and
activities directly contributing to the making
of goods

CFI Education Inc. (Corporate Finance Institute
2024)

Processing of finished products from raw
materials using various methods, human
labor, and equipment according to a detailed
plan in a cost-effective way

National Science Foundation (America’s
Investment in the Future 2000)

The process of converting dreams into objects
that enrich lives

360 Degree Property and Engineering Services
(Degree Property Engineering Services PVT
LTD 2024)

The process of converting raw materials,
components, or parts into finished goods that
meet a customer’s expectations or
specifications. It involves a series of steps,
including design, production, and quality
control, to create products that can be
distributed and sold

Components Engine s.r.l. (2024) The production of products for use or sale
using labor and machines, tools, chemical and
biological processing, or formulation

Innovations in engineering often lead to progress in these industries, stimulating
overall technological development (Muzylyov and Shramenko 2019).

Manufacturing plays a fundamental role in creating our modern world (Fig. 1.2).
Expandingon this statement involves considering the pervasive influence ofmanufac-
turing across various sectors and its impact on economic, technological, and societal
developments (World Manufacturing Report 2022). Trade in manufactured goods
represented 71% of world merchandise exports (WTO: World Trade Report 2021).
The manufacturing sector directly employs 13.6% of workers (International Labour
Organization 2022). Manufacturing value added represents 17% of the global gross
domestic product (World Bank 2022).

Based on recent statistics, the TOP-10 manufacturing countries are China, the
USA, Germany, Japan, South Korea, and others mentioned in Fig. 1.3. Each
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Manufacturing

Industrial production 
basis

Technological 
development and 

inventions

Economic valueProductivity 
improvement

Interdisciplinarity

Fig. 1.1 Role of manufacturing

Trade in manufactured goods represented 71% of world merchandise 
exports in 2020, equal to US$12.1 trillion out of a total of US$17 trillion

The manufacturing sector directly employs 13.6% of workers, ranging 
from 6.2% in low-income countries to 16.9% in upper-middle income 
countries

Manufacturing value added represents 17.0% of the global gross 
domes�c product (GDP)

Fig. 1.2 Nothing happens without manufacturing

country has its specific focus. For instance, Japan is well-known for its automotive,
electronics, robotics, and precision machinery.

Modern manufacturing faces many challenges in a dynamic and competitive
global landscape. Several key factors are crucial for successfully overcoming the
challenges of modern manufacturing:

• quality (ability to complete tasks according to assigned quality standards);
• speed (ability to complete tasks quickly and follow expectations);
• cost (ability to control operational costs and deliver within planned budget);
• flexibility (ability to react to new requests and requirements);
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China has been the world's largest manufacturing na�on for several 
years. Its manufacturing sector covers a wide range of industries, 

including electronics, tex�les, machinery, and automo�ve.

The United States has a diverse and advanced manufacturing sector, 
encompassing aerospace, automo�ve, technology, and 

pharmaceu�cals.

Germany is known for its strong manufacturing base, par�cularly in 
automo�ve, engineering, and chemical industries. It is o�en 
recognized for its high-quality and precision manufacturing.

Japan has a well-established manufacturing sector with strengths in 
automo�ve, electronics, robo�cs, and precision machinery.

South Korea is a major player in electronics, automo�ve, shipbuilding, 
and petrochemical industries.

India has a growing and diverse manufacturing sector, including 
automo�ve, pharmaceu�cals, tex�les, and informa�on technology.

Brazil has a significant manufacturing industry, with a focus on 
automo�ve, aerospace, and food processing.

Mexico has become a key player in manufacturing, par�cularly in the 
automo�ve and electronics industries, due to its proximity to the 

United States and favorable trade agreements.

Italy is known for its exper�se in fashion, design, automo�ve, and 
machinery manufacturing.

The UK has a strong manufacturing history, with contribu�ons in 
aerospace, automo�ve, pharmaceu�cals, and machinery.

Fig. 1.3 TOP-10 major manufacturing countries worldwide
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• dependability (ability to deliver tasks according to reliable approaches);
• innovation (ability to develop new and creative solutions).

These factors are interconnected and mutually reinforcing, allowing manufac-
turers to navigate complexities, remain competitive, and thrive in an ever-evolving
industrial landscape. Embracing these principles contributes not only to short-term
success but also to long-term sustainability and growth.

Manufacturing provides diverse skills and career opportunities. The sector encom-
passes various activities, from traditional production processes to advanced technolo-
gies, offering various career paths for individuals with different skill sets. The statis-
tics (United Nations Economic Commission for Europe 2024) presented in Fig. 1.4.
Prove the vital role of manufacturing.

The importance of manufacturing for society is profound, serving as a corner-
stone for economic development, technological advancement, and employment
opportunities.

Manufacturing produces goods that satisfy essential needs and desires,
contributing significantly to a nation’s GDP. It fosters innovation, propels technolog-
ical progress, and plays a pivotal role in global trade. The sector creates jobs across
various skill levels, driving social mobility and contributing to the overall well-being
of communities.

9.9%
10.9%
12.2%
12.9%
13.2%
15.5%
16%
16.8%
18.4%
19%
19.5%
19.7%
20%
21.4%
21.9%
23.9%
26.3%
28.7%

United States
France

Switzerland
Latvia

Ukraine (2021)
Japan

South Korea
Austria

Italy
Germany

Poland
Romania

Turkey
Vietnam
Slovenia

Slovak Republic
Czech Republic

China (2020)

Fig. 1.4 Manufacturing employment as a proportion of total employment in 2022
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Manufacturing enhances a country’s competitiveness and resilience, ensuring a
diversified and robust economy. As technology continues to reshape the manufac-
turing landscape, the sector remains a vital force, shaping the present and future
prosperity of societies worldwide.

1.2 Historical Development of Manufacturing

The historical development ofmanufacturing engineering covers several stages, from
primitive manual production to modern high-tech manufacturing processes. A brief
overview of the key stages in the development of mechanical engineering (Fig. 1.5)
is provided in this section.

The main features of “The Early Modern and Middle Ages Epoch” include using
simple tools andmechanisms, developing handicraft production, and gradually accu-
mulating knowledge and innovation that laid the foundations for future industrial
revolutions. This period can be classified into:

• prehistory and antiquity: the first tools and mechanisms were made by hand using
natural materials, including stone and bronze tools, and simple mechanisms, such
as levers and wheels;

Early 
period 
and the 
Middle 
Ages (�ll 
the end 
of 18th 
c.)

Industry 
1.0 (end of 
the 17th c. 
- beginning 
of the 19 
c.)

Industry 2.0 
(end of the 
19th c. -
beginning of 
the 20th c.)

Industry 3.0 
(mid 20th c.)

Industry 4.0 
revolu�on
(beginning 
of the 21st 
c.)

Fig. 1.5 Evolution of manufacturing engineering
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Fig. 1.6 From Industry 1.0 to Industry 5.0

• the Middle Ages: the development of craft workshops and guilds. Water mills
and other mechanisms that used natural energy sources (e.g., water wheels, etc.)
became more common;

• the Renaissance: engineering achievements of Leonardo daVinci and other inven-
tors who created drawings and models of complex mechanisms that contributed
to the further development of technology.

The key features of industrial revolutions are shown in Fig. 1.6 and briefly outlined
below.

The first significant shift came during the First Industrial Revolution (Industry 1.0)
in the eighteenth century. Process invention was developed into automotive manu-
facturing instead of items produced by basic means. Starting in England in 1760,
machine production reached the USA by the end of the eighteenth century. The First
Industrial Revolution marked a shift from an agrarian and handicraft economy to one
dominated by machinery and significantly impacted industries like mining, textiles,
glass, and agriculture.

The next shift in manufacturing occurred between 1871 and 1914, known as
the Second Industrial Revolution (Industry 2.0), due to extensive railroad and tele-
graph networks providing faster people and ideas transfer. The invention of electricity
allowed factories to develop modern production lines. Thus, the first assembly line
was patented in 1901 by Ransom E. Olds, producer of Oldsmobile cars. His method
ensured that his company produced 20 units daily, increasing the output by 500%
in one year. Consequently, Oldsmobile was creating more vehicles, resulting in a
drastic price decrease at the same time. Later, Henry Ford created his system, taking
Olds’s method as a model. Nowadays, Ford is credited as the father of the assembly
line and automotive mass manufacturing. The Second Industrial Revolution was a
period of significant economic growth, with an increase in productivity, but it also
caused a surge in unemployment since machines replaced many factory workers.
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Industry 3.0, the Digital Revolution, began in 1969 through partial automation
usingmemory-programmable controls and computers. The central point of this phase
is the mass production and widespread use of digital logic, MOS transistors, inte-
grated circuit chips, and their derived technologies, including computers, micropro-
cessors, digital cellular phones, and the Internet. These technological innovations
have transformed traditional production and business methods. The digital revolu-
tion converted technology that had been analog into a digital format. It is important
to mention that Industry 3.0 is still present, with most of the factories being at this
level of evolution.

Nowadays, everybody relates to the Fourth Industrial Revolution, known as
Industry 4.0—a union between physical assets and advanced digital technolo-
gies—like the Internet of Things (IoT), artificial intelligence (AI), robots, drones,
autonomous vehicles, 3D printing, cloud computing, and others, that are inter-
connected, having the possibility to communicate, analyze, and act. Organizations
adopting Industry 4.0 are more flexible, responsive, intelligent, and, therefore, more
prepared for data-driven decisions.

The term Industry 5.0 refers to people working alongside robots and smart
machines. It is about robots helping humans work better and faster by leveraging
advanced technologies like the Internet ofThings (IoT) andbig data. It adds a personal
human touch to the Industry 4.0 pillars of automation and efficiency.

1.3 Future Trends

Trends in modern machine building have been widely discussed and presented
worldwide. In particular, the World Manufacturing Foundation has published a
report (World Manufacturing Report 2022) that describes new transformations. The
following six disruptive trends for the future of manufacturing were introduced as
significant opportunities to deliver solutions in excellence: cognitive manufacturing,
circular manufacturing, global risks-resilient manufacturing, hyper-personalized
manufacturing, rapidly responsive manufacturing, and inclusive manufacturing.
These trends are likely to play out simultaneously rather than alternatively.

Further data provide some understanding of the development within manufac-
turing areas during the following years. Based on the (Deloitte Global 2023), the
focus will be on investments in robotics, data analytics, IoT, additive manufacturing,
cloud computing, and artificial intelligence (Fig. 1.7).

Robotics and automation are key components of modern manufacturing, which
actively develops and introduces new technologies. The benefits of robotics and
automation encompass the following: increased speedof task completion and reduced
downtime; reduced errors and improved accuracy of operations; optimized resource
use and reduced production costs; and rapid adaptation to changes in demand and
production conditions.

Robots are ideal for automating routine and repetitive tasks such as assembly,
welding, painting, etc. They are highly flexible and can quickly and efficiently
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Fig. 1.7 Focus on current investments in manufacturing technologies

adapt to new production tasks when reconfiguring new production lines. Applying
a modular approach to the design of flexible production lines is a relevant trend in
modern production. In addition, robots are combined with traditional manufacturing
processes to improve the performance of production systems and enhance product
quality.

Collaborative robots (cobots) are another noteworthy feature of modern manufac-
turing (Pizoń et al. 2022). Cobots are easily programmable and trainable, including
learning new tasks based on previous experience without manual programming and
allowing the robot to adapt to new knowledge quickly. Cobots are designed to work
safely with humans, with built-in sensors and security systems that allow them
to work alongside employees. Modern robots are integrated with artificial intelli-
gence (AI) for pattern recognition and data processing. This feature allows robots to
recognize objects, analyze situations, and make real-time decisions.

Autonomous mobile robots powered by sensors, cameras, and AI have signifi-
cant potential for autonomous navigation and obstacle avoidance in production and
warehouse environments. They can quickly adapt to changes in the location and
configuration of production lines or warehouses.

Using robots for automated storage and withdrawal of goods increases the speed
and accuracy of order processing. This contributes to the automation of warehouse
systems and the introduction of unmanned technologies in logistics and robotic
warehouses.

These trends indicate a significant potential for developing robotics and automa-
tion, enabling production facilities to become more efficient, flexible, and competi-
tive.

The digitalization of production is a leading trend in the modern industry (Adam-
czak et al. 2023). It encompasses the broad application of digital technologies to
improve the efficiency, productivity, and flexibility of production processes. Modern
digital technologies, such as the Internet of Things (IoT), artificial intelligence (AI),
big data, cloud computing, and augmented reality (AR), are becoming essential tools
for businesses (Haidabrus et al. 2020). They help automate production processes
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Fig. 1.8 Digital transformation market size worldwide

(Kaščak et al. 2022), reduce costs and improve efficiency (Basova et al. 2023), and
improve product quality (Wieczorowski et al. 2023). Forecast data on the devel-
opment of digitalization are shown in Fig. 1.8. According to forecasts, the digital
transformationmarketwill growmore than 11 times and reachUSD10,756.69 billion
in 2034 (Precedence Research 2024a).

The Internet of Things (IoT) connects physical devices to the Internet to collect
and exchange data, significantly improving the control and management of produc-
tion processes and increasing energy efficiency (Kiyko et al. 2020). For example,
temperature, humidity, and pressure sensors monitor production facilities and equip-
ment conditions. Vibration sensors help detect potential equipment problems, such as
wear ormalfunctions, at early stages. Energy consumption sensorsmonitor the power
consumption of equipment to help optimize energy costs. The information received
from the sensors is transmitted to connected devices. They continuously monitor
production lines and equipment and the course of production processes, analyze
productivity, and identify deviations from planned indicators, ensuring the quality
level (Wieczorowski and Trojanowska 2023). These inventions optimize production
processes andmanage equipment in real time (Haidabrus et al. 2019). IoT implemen-
tation in manufacturing significantly increases companies’ competitiveness, reduces
costs, and improves product quality through more accurate control and management
of production processes.

The AI market is expected to continue its rapid growth and reach a value of
USD 2575.16 billion by 2032 (Precedence Research 2024b). The prediction data are
presented in Fig. 1.9. The growth is fueled by the increasing integration of AI into
everyday technology and ongoing advances in machine learning, neural networks,
and quantum computing. Breakthroughs in natural language processing, computer
vision, and general AI will open new opportunities for innovation and applications.

Certain constraints or challenges, however, are also present: ethical issues (data
privacy, algorithmic bias, and job displacement); regulation (the need to develop
a comprehensive framework to regulate the development and use of AI for secu-
rity purposes); talent shortages (demand for skilled AI professionals will exceed
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supply, requiring significant investment in education and training); and investment
and funding (stimulating start-ups and research initiatives in the AI field).

Overall, the AI market is on the cusp of significant growth and transformation,
impacting various industries and everyday life through continued innovation and
adoption (Haidabrus 2024).

The digitalization of production has benefits that highlight its importance. Big data
and analytical tools enable businesses to forecast demand, optimize supply chains,
and respond quickly to market changes. Digital technologies help to quickly adapt
production to changing consumer needs, introducing new products andmodifications
withminimal time and resources (Luscinski and Ivanov 2020). Real-timemonitoring
and control systems ensure high product quality by detecting defects at early stages of
production and reducing waste. Digitalization also affects the labor market, creating
new professions and skills requirements that lead to the reshaping of engineering
education (Bilous et al. 2020; Bun et al. 2018; Ivanov et al. 2018). It requires an
increase in technical literacy and knowledge of information technology (Kiyko et al.
2014). Workers must learn new skills, such as programming, automated systems
management, data analytics, and agile framework (Haidabrus et al. 2023).

However, digitalization also poses specific challenges. Introducing digital tech-
nologies requires significant upfront investment, making it difficult for small and
medium-sized enterprises to afford. The growing number of connected devices and
systems increases the risk of cyber threats and information leaks. The transition
to digital technologies may lead to job losses in traditional manufacturing sectors,
requiring labor market adaptation and retraining of employees.

The digitalization of production is vital for maintaining competitiveness in the
global market. It opens new opportunities for business development, efficiency
improvement, and the creation of innovative products. However, to successfully
implement digital transformation, businesses must consider and prepare for all
potential challenges in advance.

Future trends in manufacturing are shaped by ongoing technological advance-
ments, changing consumer demands, and a focus on sustainability (Jasiulewicz-
Kaczmarek et al. 2023). Manufacturers are expected to leverage these trends to stay
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competitive, respond tomarket demands swiftly, and contribute to amore sustainable
and technologically advanced industrial landscape.
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Chapter 2
Overview of Manufacturing

2.1 Types of Products

Engineering output usually concerns machines. A machine is a mechanism or a
combination of mechanisms that perform work or convert energy (Zakharkin 2004).
There are enterprises that manufacture a large engineering output (e.g., pistons, ball,
and roller bearings). Such an output is called a product. Depending on their use
purpose, products can be obtained frommain and auxiliary manufacture. The former
is realized as goods. The latter is consumed within the enterprise itself (products
of tool workshops, dedicated technological equipment, etc.). According to the valid
standards, there are such types of products: part, assembly unit, complex, and kit.

Part is a homogeneous product manufactured without assembly processes. It can
be covered with electrodeposit or paint-and-lacquer coatings.

An assembly unit is a product part made separately and used for further
manufacturing processes.

Complex is two or more specific non-assembly products applied for interdepen-
dent operation (CNC machine, robotic unit, etc.).

Kit is two or more non-assembly products manufactured jointly for auxiliary use
(kit of wrenches, machine spare parts, etc.).

As an end production item, each machine may be subdivided into smaller prod-
ucts—assembly units and parts. Its structure is shown in Fig. 2.1. Parts may belong
to products on any subdivision level.

A correct machine subdivision into units of different levels leads to the proper
assembly process and determines the sequence of part manufacturing. In other
words, machines are produced reasonably. Moreover, units may be manufactured
simultaneously, which raises manpower productivity.

Let us observe a double-stage reducer as a product (Fig. 2.2) and analyze its
specification (Table 2.1). Reducers are applied to convert torques of electric motors
or other power machines. They are used to decrease the motor rotational rate and
increase output torques (Krol et al. 2023). The cylindrical reducer is most widely
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Fig. 2.1 Hierarchical product structure (a general model)

applied to convert torques. Its working principle is based on spur-gear drives. In
contrast to worm reducers, such a mechanism applies only spur gears (Sokolov et al.
2020; Shevchenko et al. 2020). Traditionally, design process is realized using CAD
software (Tigariev et al. 2020).

The cylindrical reducer principle: the torque within the motor and the input shaft
is transferred and converted (raised) via gear drives with different teeth on the way to
the output shaft. Reducer specification differs by gearing ratios. The latter depends
on shaft-gear teeth. Besides, the gearing ratio depends on a number of its stages. The
more stages we have, the higher the gearing ratio is with the product assembly and
price.

The hierarchical structure of the reducer is shown in Fig. 2.3. The assembly
process of ball bearings is not described in this case study. They are considered as
finished products. The quantity of parts used in the assembly unit is mentioned in
the brackets, e.g., “Reinforced cuff (2)”, “Pin (2)”, etc. This means that one left
cover, two reinforced cuffs, and two pins will be used to assemble the second-level
assembly unit (“Left cover (2nd lvl. assy. unit)”).

To access the digital content in this subchapter, please follow these
steps:
(1) open the ManuVis application on your device;
(2) scan the QR code
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a) 

b) 

1 – left cover; 2 – right cover; 3 – shaft-gear; 4 – intermediate shaft; 5 – gear; 6 – ball bearing;

7 – reinforced cuff; 8 – pin; 9 – screw

Fig. 2.2 Product “double-stage reducer”: a—assembled view; b—exploded view

2.2 Technological Assembly Scheme

The product assembly sequence is conditioned by its design features and accuracy
methods (Kusyi and Stupnytskyy 2020; Borucka et al. 2023). The product assembly
sequence requires creating a technological assembly scheme. It simplifies assembly
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Table 2.1 Part list
Item Part name Quantity

Parts

1 Left cover 1

2 Right cover 1

3 Shaft-gear 1

4 Intermediate shaft 1

5 Gear 1

Standard parts

6 Ball bearing 6–1000903 6

7 Reinforced cuff 23–16-6 2

8 Pin 7 × 30 2

9 ScrewМ6 × 40 8

Fig. 2.3 Hierarchical double-stage reducer structure

organizing, product kitting, unit and part delivery to assembly places, and production
planning.

The initial stage of developing the product assembly sequence is a study of product
design, operating principles, and technical conditions of its receiving and testing.
Here, we should define the aim of service product use, its general tasks, and all
auxiliary quantitative requirements.

Based on the assembly design, the product assembly diagram is generated. Before
drawing this diagram, the product should be disintegrated into indivisible parts for a
proper assembly sequence.

It is necessary to define as many assembly units as possible. By assembling them
separately and simultaneously, we can reduce the time for the assembly cycle itself.
A reasonable assembly diagram is created according to Fig. 2.4. Parts and units are
arranged in an appropriate sequence.

The scheme represents parts and assembly units as rectangles with three sections
(Fig. 2.5). The upper section is the part, assembly unit, or product name. The lower
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Fig. 2.4 Technological assembly scheme (general model)

left section contains the item code according to the specification. The lower right
section is the quantity of parts assembled simultaneously.

Each assembly unit is assigned a number of the part of the unit to which it belongs.
The initial part to start the node or product assembly is called primary. The assembly
unit in the product design is the main first-level assembly unit. The assembly unit
within the first-level one is the second-level assembly unit, etc.

Fig. 2.5 Example of filling
in sections of the
technological assembly
scheme
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To access the digital content in this subchapter, please follow these
steps:
(1) open the ManuVis application on your device;
(2) scan the QR code

The technological assembly scheme is built in the following way. A rectangle
as a basic part is drawn with a horizontal line from it (assembly flow) to another
rectangle as an end product. Above the horizontal line, arranged parts within the
product assembly are shown. Under the horizontal line, the arranged assembly units
are depicted. The technological assembly scheme may be enlarged and detailed
depending on the product’s complexity. The former is reasonable for difficult
assembly cases. The latter is optimal for subunit assembly within the unit assembly
itself. Also, we should note additional marks on the scheme to explain operations
during the assembly process (pressing, soldering, scraping, etc.). The marks are
shown near corresponding elements.

The generated technological assembly scheme is a basis for projecting the
assembly process flow or cycle schemes.

For example, Fig. 2.6 represents the assembly process flow for a double-stage
reducer. The primary part is the left cover (Position 1). The assembly starts with
installing two reinforced cuffs (Position 7). Consequently, the assembled left cover
with the cuffs is obtained. Then, two pins (7× 30) are inserted into the cover. Finally,
the assembled second-level cover (Fig. 2.6) is obtained.

Later, ball bearings 6–1000903 (Position 6) are pressed onto the shaft-gear (Posi-
tion 3) from both sides. Therefore, we obtain the second-level assembly of the
shaft-gear (Fig. 2.7).

Similarly, ball bearings 6–1000903 (Position 6) are pressed onto the intermediate
shaft (Position 4) from both sides. It results in the second-level assembly of the
intermediate shaft (Fig. 2.8).

Likewise, in the previous cases, ball bearing 6–1000903 (Position 6) are pressed
onto the gear (Position 5) from both sides. It gives the second-level assembly of the
gear (Fig. 2.9).

The assembled shaft-gear, intermediate shaft, and gear are installed into the
second-level assembled left cover. It produces the first-level assembled left cover
(Fig. 2.10).

Further, the right cover is installed onto the first-level assembled left cover. They
are adjusted via pins and screwed by eight screwsМ6× 40 (Position 9) with a torque
of 30 H · m (Fig. 2.11). Preliminarily, screws are oiled with a locking varnish.
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a)

b) 

Fig. 2.6 Second-level assembly of the left cover: а exploded view of the assembly unit;
b technological assembly scheme

Disassembly of the double-stage reducer is performed in the following way
(Fig. 2.2). Eight screws М6 × 40 (Position 9) are removed. The right cover is
removed to disengage the reducer halves. From the first-level assembled left cover,
the assembled gear, intermediate shaft, and shaft-gear are taken. It leaves separately
the second-level assembled left cover. Ball bearings (Position 6) are taken from the
shaft-gear (Position 3), intermediate shaft (Position 4), and gear (Position 5). Two
pins 7 × 30 are removed from the second-level assembled left cover. It gives sepa-
rately the pins (Position 8) and the assembled left cover with the reinforced cuffs.
Finally, two reinforced cuffs (Position 7) are removed from the assembled left cover.
That leaves the left cover separately (Position 1).
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b) 

a) 

Fig. 2.7 Second-level assembly of the shaft-gear: а exploded view of the assembly unit;
b technological assembly scheme

To access the digital content in this subchapter, please follow these
steps:
(1) open the ManuVis application on your device;
(2) scan the QR code
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b) 

a) 

Fig. 2.8 Second-level assembly of the intermediate shaft: а exploded view of the assembly unit;
b technological assembly scheme

2.3 Types of Manufacturing

All engineering enterprises are characterized by manner and type of manufacture
(Szczepaniak andTrojanowska 2019).Manner ofmanufacture is a classifying feature
to distinguish methods of producing something. For example, there can be foundry,
forging, welding, machine assembling, thermal manufacture, etc.

Type of production is a classifying feature to distinguish the range, regularity,
stability, and volume of made products. For example, there can be single-part, batch,
and mass manufacturing. Let us analyze their main attributes.

The single-part manufacturing is characterized by a wide range of makable and
repairable products. Their production volume is small.

Production volume is the quantity of products with a certain name, form, and size
made or repaired by an enterprise within a time interval.
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b) 

a) 

Fig. 2.9 Second-level assembly of the gear: а exploded view of the assembly unit; b technological
assembly scheme

During single-part manufacturing, technological operations are performed in
working areas without iterations. Universal equipment and fixtures are used (three-
jaw chucks, vises, etc.) (Karpus’ and Ivanov 2008). Special machines are used only
in exclusive cases. Measuring and cutting tools are universal as well. Within a work-
shop, equipment is arranged by type (areas of lathes,millingmachines, etc.).Workers
are high-skilled specialists.

The batch manufacturing comprises a stabler range of products. Small-batch,
medium-batch, and large-batch manufacturing can be used depending on the volume
of iterating batches. The small-batch and medium-batch manufacturing may include
CNCmachines. The large-batch industries apply specialized (Krol et al. 2024; Kush-
nirov et al. 2023) and modular machines (Yakovenko et al. 2023, 2021; Zaleta et al.
2023). Fixtures are universal, modular, or adjustable (Karpus and Ivanov 2012). It is
efficient to use group machining to organize object-closed areas to produce specific
parts. Equipment in such areas is arranged according to the order of technological
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b) 

a) 

Fig. 2.10 First-level assembly of the left cover: а exploded view of the assembly unit; b techno-
logical assembly scheme

operations. Cutting tools are universal (e.g., drills, cutter bits, etc.) or specialized
(core drills) (Gasanov et al. 2019). Measuring tools are universal (scaled). There can
be gages, including go-no-go ones. Workers are semi-skilled specialists. Sometimes,
object-closed cells are organized as the variable process flow manufacturing lines.
Here, it is reasonable to determine the necessary order of machining similar parts.

The mass manufacturing permanently makes a vast number of products for a
long time. To perform the same technological operation, it is necessary to conduct
the work area specialization. Equipment in such areas is arranged according to the
order of technological operations. There may be specialized machines, automated
lines, etc. Fixtures are usually dedicated (for a particular operation). Cutting tools
are specialized and combined, sometimes universal. Multiple adjustability is present



26 2 Overview of Manufacturing

a)

b)

Fig. 2.11 Assembly of double-stage reducers: а 3Dmodel of the product;b technological assembly
diagram

as well. Measuring tools are gages, including go-no-go ones. Mechanized and auto-
mated transportation of workpieces (e.g., conveyor belts, gravity slides, slopes, etc.)
is widely applied. Requirements for machine adjusters are high and for machine
operators are low. One of the mass manufacturing attributes is manufacturing tact. It
is a time interval between the production start and end of two successive products.

2.4 Technical Manufacture Preparation

Technical manufacture preparation comprises activities aimed at developing and
preparing a new product. It generally includes scientific, design, technological, and
organizational manufacture preparation (Varela et al. 2021).
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The scientific manufacture preparation conducts research to identify possibilities
of using the latest achievements of fundamental sciences (e.g., physics, chemistry,
etc.) in a new product. It also promotes new operation principles of variousmachines.
The design manufacture preparation develops drawings of assembly units and parts,
various instructions for producing, operating, and repairing machines, etc. The tech-
nological manufacture preparation includes measures to prepare the industry for
manufacturing or repairing new products. The main functions are testing products
for manufacturability, designing technological processes, developing and producing
equipment, and organizing all technological preparations (Denysenko et al. 2020).
The organizational manufacture preparation concerns work on production planning,
provision of component parts to make a product, etc.

2.5 Manufacturing and Technological Processes

To produce amachine that meets its intended purpose and technical requirements, the
enterprisemust sequentially transformworkpieces intofinishedparts, assembly units,
and machines (Kusyi et al. 2022). They are finally tested and shipped to consumers
(Shramenko and Muzylyov 2019; Muzylyov et al. 2021). The order of these actions
is called the manufacturing process.

The manufacturing process deals with all actions of people and tools required to
make or repair products. The manufacturing process includes various technological
processes: procurement (e.g., forging, casting, etc.), machining, and other operations.
Therefore, the manufacturing process is a broader concept than the technological
process.

The technological process is a completed stage of the manufacturing process
(Kusyi et al. 2024). It comprises purposeful actions to change or determine the
labor object state. In general, the technological process consists of such elements:
operations, setups, positions, steps, passes, and techniques (Fig. 2.12).

Passes (machining, 
auxiliary)

Steps (manufacturing, 
auxiliary)

Setups, posi�ons

Opera�ons

Technological 
process

005

А B

1, 2, …

1 2 … k

010

I II

1, 2, …

… n

Fig. 2.12 Technological process structure
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Operation is a completed stage of the technological process performed within one
working area. Operations are numbered one in five (005, 010, …).

Setup is a stage of technological operation carried out during the permanent fixing
of a workpiece or assembly unit. In drawings, they are denoted by capital letters (A,
B, …).

Position is a location occupied by a permanently fixed workpiece or unit during
assembly together with a fixture relative to a tool or fixed part of the equipment when
the operation stage is performed. Positions are indicated by Roman numerals (I, II,
…).

Whenmulti-spindle equipment is used according to the two-index scheme (turning
the table to the alternate rather than adjacent position: I to III, etc.), the A setup for
even positions and the B setup for odd positions can be implemented. The fixtures
for locating and clamping workpieces on the A and B setups can differ.

The manufacturing step is a completed stage of a technological operation charac-
terized by using the same equipment at constant technological modes and unchanged
fixturing.

The auxiliary step is a completed stage of a technological operation consisting of
human (or equipment) actions that are not accompanied by changes in the properties
of labor items but are necessary to perform a manufacturing step.

The machining pass is a completed stage of a manufacturing step that comprises
a single movement of a tool to a workpiece, accompanied by changes in shape, size,
surface quality, and properties of the workpiece.

The auxiliary pass is a completed stage of a manufacturing step that concerns a
single movement of a tool to a workpiece, which is not accompanied by changes
in shape, size, surface quality, and properties of the workpiece but is necessary for
preparing a machining pass.

A technique is a completed set of human actions used to conduct a step or stage
for one purpose. It deals with taking a workpiece, setting it up in a fixture, turning
on a machine, etc.).

2.6 Classification of Technological Processes

Depending on the manufacturing conditions and the purpose of the technological
processes, we may distinguish technological processes for manufacturing one or
more products. Technological processes are classified by purpose into single and
unified (typical or group).

The single technological process meansmaking or repairing a product of the same
name, size, and design, regardless of the manufacture type.

The typical technological process includes making a group of products for which
the content and sequence of most technological operations and steps coincide. They
are used as an information base to develop single technological processes and as
standards for typical technological processes.
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The typification of technological processes is based on part classification based
on the commonality of configuration and similarity of technological processes. For
example, the following classes of parts are distinguished: shafts, axles, bushings,
disks, plates, frames, etc. Typification is reasonable for generalizing the existing
advanced technological processes and sharing the experience of introducing new
equipment and tools. This idea has been implemented at many enterprises.

The group technological process makes a group of products with different designs
but common technological features. The group technology develops typification.
It promotes manufacturing or assembly, dramatically reducing the time required
to change equipment. Group technology is also based on classifying products and
assembling groups. However, the structural similarity of products is a secondary
attribute.With group technology, the technological process is designed for a complex
part, either the most complex part of the group that actually exists or artificially made
as a part containing all surfaces of the individual group parts.

The technological process developed for a complex part is usually redundant
in the case of specific parts. It may contain technological operations and steps to
machine absent surfaces. Via the group technological process, the single technolog-
ical processes are developed by excluding unnecessary operations and steps and spec-
ifying equipment. This principle is a basis for one of CAPP’s directions (designing
single technological processes based on a unified one).

As to the level of science and technology achievements, technological processes
can be divided into working and promising ones.

The working technological process is performed according to working documen-
tation that reflects the capabilities of a particular manufacturing company.

The promising technological process corresponds to technical solutions that
the enterprise should fully or partially implement (e.g., new machines, processing
methods, equipment, etc.).

The temporary technological process is used at the enterprise for a limited period
because of equipment repair or accidents.

The complex technological process includes technological operations and
moving, controlling, cleaning workpieces, etc.

All of the above-mentioned technological processes can be developedwith various
technical solutions. Depending on this, technological processes are recorded on
various forms of technological documentation.

2.7 Production Lines for Machining and Assembly

The forms and principles of machining and assembly organization significantly
depend on the manufacture type (Jasiulewicz-Kaczmarek et al. 2023; Grześkowiak
and Trojanowska 2020). For example, single-part and small-batch manufacturing
conditions require the arrangement of equipment in workshops by type of work
(e.g., areas of lathes, milling machines, etc.).
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The medium-batch industry applies group machining with the organization of
object-closed areas to produce parts (structurally and technologically similar). Equip-
ment in such areas is arranged by order of group technological operations. Such
an area is constantly adjusted to produce any part of the group. The quantity of
parts in a group can reach dozens or even hundreds of items. It can dramatically
reduce equipment changeover time and usemore efficientmachines inmedium-batch
manufacturing.

Usually, process flow lines are organized in manufacturing. There can be:

• the continuous process flow lines: operations are simultaneous, equal, or multiple
of tact (workpieces are transported and treated by and between machines
constantly);

• the direct process flow lines: operations are non-simultaneous and completed in
technological sequence (workpieces may not be treated between machines).

Both process flow lines can be single-nomenclature andmulti-nomenclature (with
the manufacture of several products in a certain sequence).

The choice of the form of technological process organization depends on the
manufacture type, assembly complexity, product design, and size (Jasiulewicz-
Kaczmarek et al. 2022). At the first classification level, the following three
organizational assembly forms can be distinguished (Fig. 2.13).

The non-flow assembly can be as follows (Fig. 2.14). The non-flow stationary
assembly is characterized by the product remaining at the sameworkplace throughout
the assembly process, with the basic part installed on the stand or floor. All parts,
assembly units, and components are delivered to this workplace.

This type can be performed without dismemberment when the entire assembly is
done by one worker or team from start to finish (namely, there is a general assembly).
The foreman assigns individual assembly steps to workers if a team carries out the
assembly. Such an approach is used in single-part and small-batch manufacturing
to assemble a small product by one worker. Besides, it is applicable to assemble
medium and large products by a team in single-part manufacturing.

The non-flow stationary assembly with dismemberment implies the presence of
a subassembly (in addition to the general assembly). In this case, units of the first,

Organizational 
assembly forms

Non-flow Flow Group

Fig. 2.13 Classification of the organizational assembly forms
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With free movement of 
assembling object

With forced movement 
of assembling object

Fig. 2.14 Types of non-flow assembly

second, and other orders are assembled simultaneously by different workers or entire
teams. This type is appropriate for assembling medium and large products in small-
batch manufacturing.

The non-flow movable assembly is characterized by the successive movement of
the product being assembled within several work areas. The technological process
is divided into operations performed by one worker or a small team.

As the operation is being conducted, the product can move to the next work area
manually or using transport equipment.

The forced movement assembly means that the product moves via a conveyor or
a trolley inside a closed transport system with a drive chain. The non-flow movable
assembly is reasonable in medium-batch manufacturing.

The flow assembly always involves work dismemberment. It can be implemented
in the following variants (Fig. 2.15).

The stationary flow assembly is used for large and bulky products, such as heavy
machines, marine diesel engines, and airplanes. All products are assembled in one
place. Workers or teams simultaneously move from one assembly object to the
next in time periods equal to a tact. Workers or a team at each of the assembly
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Fig. 2.15 Types of flow
assembly Flow assembly

Sta�onary Movable

With forced movement of 
assembling object

Via roller / trolleys

Via periodically 
driven conveyor

Via con�nuously 
driven conveyor

With free movement of 
assembling object

objects performs the same operation. The scope of application is the medium-batch
manufacturing of large products.

The movable flow assembly is reasonable in the large-batch and mass manufac-
turing. As a rule, the duration of assembly operations is equal to or a multiple of a
tact. Several assemblers work simultaneously on longer operations.

The flow assembly can be organized with free or forced movement of the object.
In the first case, the worker transfers the assembling product to the next operation
after completing his workload. In the second case, the moment of product movement
is determined by a signal (light or sound), after which the forced periodic movement
of the conveyor begins. Sometimes, the conveyor moves continuously when the
operation is being conducted.

The inter-operational movement of the assembling product is carried out:

• manually or via trolleys, inclined trays, or rollers;
• via periodically driven conveyor; during movement of which assembly operations

are performed;
• via continuously driven conveyor at a speed which ensures that assembly

operations are possible (0.25–3.5 m/min).

The above-mentionedorganizational assembly forms are summarized inTable 2.2.
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Table 2.2 Organizational assembly forms

Features defining
the organizational
assembly form

Type of manufacturing

Single part Small batch Medium batch Large batch Mass

Size of
products

Small + + + + +

Medium + + + + +

Large + + + + +

Flow assembly + + + + + +

Non-flow assembly + + + + + + + + +

Stationary
assembly

+ + + + + + + + + +

Movable assembly + + + + + + + +

Without assembly
dismemberment

+ + + +

With assembly
dismemberment

+ + + + + + + + + + + + +

With free
movement of
assembling object

+ +

With a forced
movement of
assembling object

+ + + +

Transfer of
assembling teams

+ + +
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Chapter 3
Locating

3.1 Fundamental Principles

When assembling machine elements, it is necessary to ensure the correct positioning
of parts and units in the assemblies. When machining workpieces, they must be
correctly oriented to the elements of the technological system.The relative orientation
of products in assemblies and workpieces during machining is achieved by locating.

Locating sets a workpiece or product to a desired position relative to the
selected coordinate system (ISO5459 2011).Workpiece locating duringmachining is
provided by fixtures of various designs or by marking workpieces before machining,
i.e., by drawing lines, dots, etc., on their surfaces. The position achieved during
locating is fixed when clamping the workpiece. Workpiece positioning before
machining demands the completion of two tasks: locating and clamping.

It is known that any material body in three-dimensional space has six degrees of
freedom (three movements along coordinate axes and three rotations around these
axes). When a body is located, a certain number of positional constraints (movement
and rotation limiters) are imposed on it, depriving it of certain degrees of freedom.
In general, the basic terms and definitions of locating are given in ISO 5459 (2011),
Zakharkin (2004).

A datum is a surface or a combination of surfaces, an axis, or a point that belongs
to the workpiece or product and is used for locating. A contact point is a point that
represents a relation between a workpiece and the selected coordinate system.

A locating chart is a layout of the contact points on workpiece datums. All contact
points are marked with a numeric icon, starting with the datum that has the most
significant number of contact points. In any projection, one point is displayed by
superimposing one contact point on another, and two numbers are placed next to it.
In this way, the numerical value of the linear or angular position of the product at
the corresponding coordinate is determined.

In actual locating, positional constraints are replaced by contact between the
corresponding surfaces or contact points of products during assembly or between
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a workpiece and a fixture. The number of contact points must equal the number of
positional constraints they replace. Upon that, the contact point deprives the product
of one degree of freedom.

There are conventional symbols (Table 3.1) for marking contact points. Design
documentation is analyzed using symbols mentioned in the study (Zakharkin 2004).

Contact points are indicated as follows: side view ( ) and top view ( ).
Manufacturing engineers use (Zakharkin 2004) to indicate process datums on a

locating chart when machining products. The manufacturing engineer indicates the
marking of a support, the shape of a contact surface, and the number of degrees of
freedom the product is deprived of. Some of the most used are listed in Table 3.1.

3.2 Classification

The entire variety of parts surfaces is classified into three types (functional, reference,
and free).

Functional surfaces directly serve the purpose of the part (pulley surface in contact
with the drive belt, cutting surface in screw mechanisms, working surface of wheel
teeth, blade surfaces interacting with the operating environment in solid, liquid,
gaseous states, reflector surfaces of light, heat, and other flows).

Reference surfaces determine the position of the part in a higher-level product or
the position of other products attached to it.

Free surfaces do not come into contact with surfaces of other products but deter-
mine dimensions, weight, stiffness, and other parameters of parts. These surfaces
may or may not be processed, i.e., remain in the state of the original workpiece.

All these surfaces comprise a set of connected and unconnected surfaces. The
former perform specific functions as functional or reference surfaces, while the latter
are free.

Datums are classified according to ISO5459 (2011) in purpose, number of degrees
of freedom, and exposure character (Fig. 3.1).

Datums are systemized according to purpose into design datums (primary and
supplementary), process datums, and measuring datums.

According to ISO 5459 (2011), datums are generally classified by the number of
freedom degrees in descending order. In other words, if one of the datums deprives
a workpiece of three degrees of freedom, and the other two datums deprive it of two
and one degree of freedom, respectively, the first datum is called the principal or
primary datum. Then, the datum depriving the workpiece of two degrees of freedom
is called the secondary datum, and the datum depriving the workpiece of one degree
of freedom becomes the tertiary datum, respectively. This system creates a locating
hierarchical structure (Fig. 3.2).

However, from an information viewpoint, this is inconvenient, so (Zakharkin
2004; Yakovenko et al. 2022) suggests naming datums by their functional purpose
(Table 3.2), i.e., the name already includes both the number of degrees of freedom
and the directions in which these degrees of freedom are maintained. That’s easier to
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Table 3.1 Supports and their designation on locating charts

Type of

support/shape of a con-

tact surface /locating el-

ement

Designation of a support/shape of a contact surface/locat-

ing element in view

side top bottom

Supports

Fixed support 

Moving support

Tilting support

Shape of a contact surface

Plane – – 

Spherical – –

Cylindrical
– –

V-shaped
– –

Rhombic
– –

Conical
– –

Locating element

Solid center – – 

Live center – – 

Tilted center – – 

Three-jaw chuck – – 

Centre chuck – – 

Follow rest – – 

Steady rest – – 
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Datums

Purpose Number of degrees of 
freedom they deprive Exposure character

Fig. 3.1 Classification of datums

Fig. 3.2 Installing, guiding, and resting datums

understand and can immediately indicate how a particular workpiece is fitted, even
without an operational sketch.

The datums, classified by the character of exposure, can be real and
latent (Fig. 3.3). A real datum is a datum of a workpiece or product in the form
of an actual surface, a marking stroke, or a point of strokes‘ intersection. A latent
datum is a datum of a workpiece or product in the form of an imaginary plane, axis,
or point (symmetry plane, axis, point).

All workpiece surfaces are generally divided into two groups:

• not processed after a workpiece has been manufactured;
• processed with a given accuracy.
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Table 3.2 Datums’ characteristics according to the number of freedom degrees they deprive

Datum Degree of freedom deprived Surface type employing the datum

Installing 3 (one movement, two rotation) Plane

Guiding 2 (one movement, one rotation) Plane

Resting 1 (one movement or one rotation) Plane, diamond pin

Double-guiding 4 (two movement, two rotation) Long cylinder

Double-resting 2 (two movement) Short cylinder

Fig. 3.3 Double-resting
datum (real and latent)

The method of manufacturing a workpiece ensures the accuracy and relative posi-
tioning of the surfaces of the first group. Selecting the proper process datum ensures
the accuracy of the surface’s relative positioning of the first and second groups.

Process datums are divided into rough and finishing datums. There are specific
rules for their assignment.

Rough datums are those used in the first machining operation. They are intended
to prepare the finishing data and are used only once. The following principles should
be considered when selecting them:

• surfaces that cannot be machined should be used as rough datums;
• die parting surfaces, those with gates, and other similar features of workpieces

should not be used as rough datums;
• surfaces with a minimum allowance should be used as rough datums.

Finishing datums are used for finishing machining. The following principles are
essential to consider when choosing them:

• finishing datums should be elements of the part that is its primary design or
measuring datums (the principle of combining datums);

• finishing datums should ensure the machining of workpieces in various techno-
logical operations without changing the datums (the principle of constancy of
datums);

• if a workpiece lacks such surfaces, artificial finishing datums are created (e.g.,
center holes, artificial sprues, etc.).
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Fig. 3.4 Primary and supplementary design datums

3.3 Design Datums

A design datum determines the position of a part or assembly unit in a product. In
turn, design datums are divided into primary and supplementary datums.

A primary design datum belongs to a given part and determines its position in a
product (Fig. 3.4). A supplementary design datumbelongs to a given part or assembly
unit and determines the position of parts and assemblies attached to it (Fig. 3.4).

3.4 Process Datums

A process datum determines the position of a workpiece or product during a manu-
facturing or repair process (Fig. 3.5). Process datums are generally divided into the
following:

• process datums for assembly—a surface, line, or point of a part or assembly unit
to which other parts or assembly units of a product are referenced;

• process datums for machining—a surface, line, or point of a workpiece relative
to which the machined surfaces are oriented on a given setup.
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Fig. 3.5 Process datums:
a—3D model; b—locating
chart

Marking lines and dots on the physical surfaces of workpieces are also used as
process datums to align them with fixtures that determine the path of cutting tools.

Process datums can be real (actual product surfaces) and artificial (specifically
designed for manufacturing, assembly, or repair, such as center holes on a shaft).

According to the specifics of their application, process datums used in machining
are divided into contact, adjustment, and verification datums.

Contact datums are process datums that come into direct contact with the corre-
sponding locating elements of fixtures. Contact process datums arewidely usedwhen
working on well-coordinated machine tools in large-batch manufacturing.

Adjustment datums are workpiece surfaces to which machined surfaces are
oriented and which are directly related to them by dimensions. They are created
by the same setup as the workpiece surfaces under consideration.

The adjustment datum is directly dimensionally related to a workpiece resting
datum. The latter is a process datum for obtaining linear dimensions only when
machining the adjustment datum, which is directly dimensionally related (Fig. 3.6).
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Fig. 3.6 Example of adjustment datums

The adjustment datum is the process datum for machining all other surfaces.
Depending on the configuration and requirements for a workpiece, it can have several
adjustment datums in the same dimensional direction. This condition complicates
machine adjustment to some extent but allows direct dimensioning between surfaces
whose relative position is important for the final product.

Verification process datums include a surface, line, or point of a workpiece or part
against which the position of a workpiece on a machine tool or the positioning of a
cutting tool during workpiece machining is verified, as well as the position of other
parts or assembly units during product assembly (Fig. 3.7).

This method does not require complex fixtures to orient a workpiece on amachine
tool, unlike the machining method using resting datums. Practice shows that the veri-
fication process datum used in assembly and machining can be material (imaginary)
or conditional (latent).

Fig. 3.7 Example of
verification datums
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3.5 Measuring Datums

Ameasuring datum is a datum of a part or assembly unit used to measure dimensions
to be machined or assembled or to verify the relative position of parts’ surfaces or
product elements (Fig. 3.8).

The measuring datum in a design is related to control surfaces of the part by direct
dimensions or conditions (Pop et al. 2019). Usually, the measuring datum coincides
with a design datum. If the measuring datum is a tangible surface, a measurement is
made by conventional direct measurement methods. Suppose the measuring datum
is an immaterial element (angle bisector, axial line, plane of symmetry, etc.). It is
materialized using auxiliary parts (e.g., pins, rollers, tensioned strings, etc.), optical
installations (collimators), and other devices.

Fig. 3.8 Measuring datums:
а—size control; b—drawing
designation
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Fig. 3.9 Coordinate system
and degrees of freedom

3.6 Theoretical Locating Charts

To completely locate the product in space, it must be deprived of six degrees of
freedom (Virasak 2019). It is considered a three-dimensional coordinate systemwith
axes X, Y, and Z centered on O (Fig. 3.9). The degrees of freedom are divided into
linear and angular coordinates. Linear coordinates reflect movement along the X, Y,
and Z-axes and correspond to degrees of freedom I, II, and III. Angular coordinates
reflect rotation around the X, Y, and Z-axes and correspond to degrees of freedom
IV, V, and VI.

To access the digital content in this subchapter, please follow these
steps:
(1) open the ManuVis application on your device;
(2) scan the QR code

Further material describes theoretical locating charts for workpieces of different
classes. A theoretical chart simulates locating workpieces such as housings, plates,
and similar parts. Theoretical mechanics suggest that determining the position of
a prismatic body relative to the OXYZ coordinate system demands connecting its
lower surface A with three rigid bilateral coordinate connections to the plane XOY
of the rectangular coordinate system (Fig. 3.10).
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Fig. 3.10 Theoretical
locating chart for the
prismatic parts

The z-links prevent the body from moving along the OZ coordinate axis and
rotating around the OY and OX axes. Considering surface, bearing three contact
points and depriving the body of 3 degrees of freedom (movement along one of the
coordinate axes and rotation around the other two coordinate axes) are a primary
datum. It is also called an installing datum. The body’s equilibrium under gravity
determines the location of contact points.

Surface B has two coordinate connections, X4 and X5, to the plane ZOY, respec-
tively, to prevent the body from moving along the OX axis and rotating about the
OZ axis. Surface B deprives the body (workpiece) of two degrees of freedom (move-
ment along one coordinate axis and rotation around the other), which is a secondary
datum. It is also called a guiding datum. Thus, the body can only move along the OY
axis. Surface C should be connected to the plane ZOX by a single rigid coordinate
connection to prevent this movement. Surface C, bearing one datum and depriving
the body of one degree of freedom (movement along one of the coordinate axes), is
a tertiary datum. It is also called a resting datum.

The set of three datums forming the coordinate system of a workpiece (product)
is a datum system. The theoretical locating chart is implemented by positioning
the workpiece to locate fixture elements. Applying clamping forces ensures a non-
separable contact of the datums with the locating elements.

The correspondences of coordinate connections, degrees of freedom, and datums
they form are given in Table 3.3.
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Table 3.3 Datums of the prismatic parts locating

Contact points Degrees of
freedom

Linear (L) and
angular (α)
coordinates

Coordinates Locating datum

Х У Z

1, 2, 3 III, IV, V L 0 0 1 Primary datum
(installing datum)α 1 1 0

4, 5 I, VI L 1 0 0 Secondary datum
(guiding datum)α 0 0 1

6 II L 0 1 0 Tertiary datum
(resting datum)α 0 0 0

To access the digital content in this subchapter, please follow these
steps:
(1) open the ManuVis application on your device;
(2) scan the QR code

The following theoretical locating chart demonstrates how a workpiece is located
when using long cylindrical surfaces, ends, and radial elements in fixtures with
V-blocks.

By connecting the cylindrical surface A (Fig. 3.11) with two rigid bilateral coor-
dinated connections to the XOY plane and two to the YOZ plane, a cylindrical body
loses four degrees of freedom, as the Z-links prevent the body from moving along
the OZ axis and rotating around the OX axis, the X coordinated connections prevent
the body from moving along the OX axis and rotating around the OZ axis.

Surface A, bearing four datum points and depriving the body of four degrees of
freedom (movement along two coordinate axes and rotation around these same axes),
is called a primary datum. It is also called a double-guiding datum. Connecting the
body‘s end C with a bilateral coordinate connection, the y coordinate with the XOZ
plane, eliminates the possibility of moving the body along the OY axis. Surface C
deprives the body of one degree of freedom. The movement along the OY axis is
called a secondary datum. It is also called a resting datum. To deprive the body of
the sixth degree of freedom (the ability to rotate around its axis), a sixth bilateral
coordinate connectionmust be provided in the form of a datum located on the surface
of the keyway flute B. Surface B, bearing one datum and depriving the body of one
degree of freedom (rotation around one of the coordinate axes), is called the tertiary
datum. It is also called a resting datum. The theoretical locating chart is most often
implemented using V-blocks.
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Fig. 3.11 Theoretical locating chart for long cylinders

The correspondences of coordinate connections, degrees of freedom, and datums
they form are given in Table 3.4.

Table 3.4 Datums of the long cylinders’ locating

Contact points Degrees of
freedom

Linear (L) and
angular (α)
coordinates

Coordinates Locating datum

Х У Z

1, 2, 3, 4 I, III, IV, VI L 1 0 1 Primary datum
(double-guiding
datum)

α 1 0 1

5 II L 0 1 0 Secondary datum
(resting datum)α 0 0 0

6 V L 0 0 0 Tertiary datum
(resting datum)α 0 1 0
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To access the digital content in this subchapter, please follow these
steps:
(1) open the ManuVis application on your device;
(2) scan the QR code

A disk is a cylindrical part where the length of a cylindrical surface is shorter
than the diameter. As a result, orientation options for the short cylindrical surface
are much more limited than for a long cylinder compared to end surfaces.

Accordingly, the orientation of a short cylindrical body (such as a thin disk) in
space requires connecting its end surface C (Fig. 3.12) with three bilateral coordinate
connections to the XOZ plane. In this case, the body loses three degrees of freedom
(the ability to move along the OY axis and rotate around the OX and OZ axes).

Connecting its cylindrical surfaceBwith bilateral coordinate connections is neces-
sary to prevent the body frommoving along the axes OX and OZ. In other words, the
coordinates X5 and Z4 are aligned with the planes XOY and YOZ. The sixth bilateral
coordinate connection, which prevents the body from rotating around its axis parallel
to the OY axis, is created by placing a contact point on the surface of the keyway C.

Fig. 3.12 Theoretical
scheme of disks locating
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With the appropriate replacement of bilateral coordinate connections with contact
points, the end surface A of the disk, contacting three contact points and depriving
the disk of three degrees of freedom, is called a primary datum. It is also called
an installing datum. The cylindrical surface B, contacting two contact points and
depriving the disk of two degrees of freedom, is called a secondary datum. It is
also called a double-resting (or centering) datum. The surface of the keyway flute
C, depriving the disk of one degree of freedom, is called a tertiary datum. It is also
called a resting datum. Note that the charts for locating workpieces with internal
cylindrical surfaces are fundamentally similar to those considered.

The correspondences of coordinate connections, degrees of freedom, and datums
they form are given in Table 3.5.

To access the digital content in this subchapter, please follow these
steps:
(1) open the ManuVis application on your device;
(2) scan the QR code

Notably, for a rotational part, depriving the workpiece of the sixth degree of
freedom is only necessary if there are angular coordinate dimensions for surfaces to
bemachined in different operations. For example, depriving aworkpiece of 5 degrees
of freedom (partial locating) suffices to drill a hole in the workpiece (Fig. 3.13a).

Table 3.5 Datums of the disks locating

Contact points Degrees of
freedom

Linear (L) and
angular (α)
coordinates

Coordinates Locating datum

Х У Z

1, 2, 3 II, IV, VI L 0 1 0 Primary datum
(installing datum)α 1 0 1

4, 5 III, I L 1 0 1 Secondary datum
(double-resting
datum)

α 0 0 0

6 V L 0 0 0 Tertiary datum
(resting datum)α 0 1 0
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Fig. 3.13 Examples of incomplete (a) and complete (b) locating

The workpiece (Fig. 3.13b) must be additionally orientated relative to the previ-
ously machined radial slot and thus be deprived of another sixth degree of freedom
(complete locating).

3.7 Case Studies

The most used datums for prismatic workpieces are planes (Fig. 3.14), planes and
holes (Fig. 3.15), and other external surfaces of a workpiece (Fig. 3.16).

Shaft-type workpieces are typically located in centers (Figs. 3.17 and 3.18) or
V-blocks (Fig. 3.19). Long shafts (with a ratio of L/d > 12) are machined using rests.
Centers can be rigid, floating, or rotating. It is also possible to locate the shaft in a
three-point chuck with a rear-rotating center tuck (Fig. 3.20). Some typical locating
charts using these are provided below.

During machining, disk- and ring-type workpieces are mostly positioned in self-
centering chucks (Fig. 3.21), on special mandrels (Fig. 3.22), and in other fixtures.
Planes, cylindrical surfaces, and radial elements are used as datums. Some of the
locating charts are demonstrated below.

Fig. 3.14 Locating against three planes
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Fig. 3.15 Locating against one plane and two pins

Fig. 3.16 Locating with V-blocks for a latent datum implementation

Fig. 3.17 Locating in left
rigid and right rotating
centers

Fig. 3.18 Locating using
left floating and right
rotating centers
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Fig. 3.19 Locating variants in V-blocks

Fig. 3.20 Locating in a
chuck with a rear-rotating
center

Fig. 3.21 Locating in a
three-jaw chuck

This is a partial list of possible locating cases for different workpieces. Some other
cases are provided in the literature, and many other charts are derived from those
discussed above.

Adjustment helps achieve theworkpiece’s required orientation relative to a cutting
tool when performing automatic sizing on machine tools. A complete locating chart
with the deprivation of six degrees of freedom is used if a surface is defined in all
directions, i.e., three coordinate dimensions and three angular parameters are speci-
fied. If a smaller number of coordinates defines the surface to bemachined, then there
is no need to use complete locating. Instead, it is sufficient to deprive the body of
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Fig. 3.22 Locating in a
short mandrel

five, four, or three degrees of freedom. Such workpiece locating is called an incom-
plete locating. Thus, the fixture configuration would be easier and cheaper. Marks
on a machine tool, inaccurate (or uncontrolled) stops, etc., can roughly orientate the
workpiece in a direction not covered by the workpiece’s locating.

Consider examples of locating a prismatic body with machining surfaces of
different shapes (Fig. 3.23). Machining a semi-closed slot with an end-mill cutter,
given the dimensions Ax, Ay, Az, and surface directions relative to these axes,
demands the total locating of the prismatic body, depriving it of all six degrees
of freedom. The formula for locating is 3 + 2 + 1 = 6.

Machining a through slot with a disk cutter (Fig. 3.24), given dimensions Ax, Az,
and direction relative to the X, Y, and Z-axes, requires simplified locating, depriving
a workpiece of five degrees of freedom. The formula for locating is 3 + 2 = 5. It
does not require the exact position of the workpiece on the Y-axis (i.e., along the

Fig. 3.23 Locating chart for machining of semi-closed slot
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slot). The obligatory condition is that the workpiece is positioned in this direction
within a tools’ travel (Ltt).

Machining an upper plane of a part (Fig. 3.25), defined by the dimension Az,
demands deprivation of three degrees of freedom: position along the Z-axis and
rotation around the X and Y-axes. The formula for locating is 3 = 3. The workpiece
to be machined is located on three contact points. The machining zone must be
limited by the width of a cylindrical cutter (Bcc) and the length of tool travel (Ltt),
overlapping themachined surface. Flat grinding forworkpieces located on amagnetic
plate involves a similar approach.

Consecutive machining of a workpiece on a series of machine tools requires the
exact positioning of supporting elements on all machines. When a workpiece is
placed on three contact points, it must be positioned so the supporting triangle it
forms is as large as possible (Fig. 3.26). The most preferred arrangement is one in
which clamping, weight, and cutting forces are projected into the gravity center of

Fig. 3.24 Positioning and machining scheme of a closed slot

Fig. 3.25 Blank positioning scheme during surface machining
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Fig. 3.26 Locating chart for
a supporting triangle

the supporting triangle. Projection of the forces inside the supporting triangle is the
least preferred in a normal machining process.

Locating a workpiece on a plate requires an installing datum to be larger than a
fixture’s installing surface and a guiding datum to be longer than a fixture’s guiding
surface. Contact areas of the primary (installing) and secondary (guiding) datums
must be sufficient to prevent damage to the workpiece from excessive contact stress.
This is particularly relevant for workpieces made of non-ferrousmaterials and alloys.
When locating workpieces that have stamping or casting slopes, it is recommended
to set installing surfaces of tools following the slope angles α = 5º ÷ 7º.

The authors have contributed to fixture design knowledge (Karpus et al. 2019).
Their expertise in locating has become crucial to the precise machining of different
workpieces, particularly for shafts (Karpus and Ivanov 2012), connecting rods
(Ivanov et al. 2022a, 2020a), lever-type parts (Ivanov et al. 2017, 2018), bracket-
type parts (Ivanov et al. 2022b; Kolesnyk et al. 2024), and fork-type parts (Ivanov
et al. 2021; Dehtiarov et al. 2024). The developed technical solutions are verified
theoretically and experimentally, ensuring accuracy, stability, and repeatability in
production. The previously obtained results have contributed to intelligent manu-
facturing, particularly in the decision-making of the locating charts (Ivanov et al.
2022c) and analysis of the technological features (Ivanov et al. 2020b). Fundamental
results have been placed in implementing the process-oriented approach (Ivanov
2019) and developing a computer-aided fixture design system (Ivanov et al. 2016).
This knowledge is crucial for optimizing manufacturing efficiency, reducing errors,
and improving the quality of the final products.
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Chapter 4
Product Quality

4.1 Accuracy Indicators

Manufacturing engineering considers accuracy to be the degree to which parameters
of a finished product conform to the dimensions, shape, and other characteristics
specified in a technical drawing.

A designer determines the level of manufacturing accuracy and surface roughness
based on requirements to ensure the functional purpose of a product (Karpus and
Ivanov 2012). Precision in manufacturing engineering is essential for improving the
performance of machines and increasing their durability, reliability, speed, and other
characteristics (Petrakov et al. 2024).

For example, (Yakovenko et al. 2022) found that reducing a gap in movable joints
from 20 to 10 microns increases their service life from 740 to 1200 h.

The following indicators reveal the accuracy of machine parts’ surfaces: dimen-
sional accuracy, surface shape accuracy, accuracy of a relative positioning of surfaces,
and surface roughness.

Accuracy assessment involves such notions:

• a basic size is a size determined by a designer when designing a product and
rounded to a value from a normal range;

• an actual size is a size obtained as a result of processing and measured with the
required accuracy;

• a quality class is a set of tolerances of the same accuracy level for a given dimen-
sional range. There are 19 qualifications (01, 0, 1, 2, …, 17), with accuracy
decreasing from quality class 01 to 17.

If not specified in the design, the shape accuracy of surfaces and their relative posi-
tioning accuracymay be within the tolerance for a particular dimension. If necessary,
the designer may specify more precise requirements for the value of these quality
parameters. They are normalized based on data (DSTU 2498–94 1994). Main shape
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Convexity

Fig. 4.1 Classification of some surface form deviations

deviations of cylindrical surfaces and planes are divided into the following types
(Fig. 4.1).

Ovality (Fig. 4.2) is a deviation from roundness in which an actual profile is oval-
shaped, with the largest and smallest diameters in mutually perpendicular directions.
In some cases, an ovality tolerance may exceed a diameter tolerance, for example,
whenmanufacturing thin-walled bushings that deform duringmachining and acquire
the correct shape during assembly.

Faceting (Fig. 4.3) is a shape deviation from a circle, where an actual profile
is multifaceted. Faceting means that the part’s cross-sectional contour contains
connected arcs of different radii. Faceting is classified according to several facets. In
particular, faceting with an odd number of faces is characterized by the diameters of
a cross-sectional profile being the same in all directions.

Barrel, bow, and cone shapes are considered in a longitudinal section as
generatrices’ deviations from parallelism (Figs. 4.4, 4.5, 4.6).

Errors in plane shapes are most often characterized by the following indicators:
deviation from straightness and deviation from flatness. Deviations from flatness
can be in the form of concavity or convexity (Figs. 4.7 and 4.8). The machining
accuracy can be ensured by using the additional supports in fixture configurations,
which provide higher stiffness (Kushnirov et al. 2024).
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Fig. 4.2 Ovality

Fig. 4.3 Faceting

Fig. 4.4 Barrel form

Fig. 4.5 Bow form
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Fig. 4.6 Cone form

Fig. 4.7 Concavity

Fig. 4.8 Convexity

Deviation in a surface alignment is often assessed by such parameters as deviation
from perpendicularity (Fig. 4.9a), parallelism (Fig. 4.9b), coaxiality (Fig. 4.9c), end
runout, radial runout, etc.
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Fig. 4.9 Deviation types of
surface alignment:
a—perpendicularity;
b—parallelism;
c—coaxiality

Factors’ analysis, causing such errors in machining and preventive measures
development, is among the principal tasks of a process manager.

Digitalization is an important stage for manufacturing engineering and learning
gain, particularly for accuracy indicators. The development and impact of various
ICT tools and mobile applications designed to enhance engineering education (Pop
et al. 2019), particularly in understanding geometrical tolerances (Pop et al. 2022)
and form deviations (Pop et al. 2021), are examined in these papers.
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4.2 Machining Accuracy

There are two (fundamentally different) methods of achieving dimensional accuracy
in machining: a trial runs andmeasuring method and amethod of automatic accuracy
on a pre-adjusted machine.

The trial runs and measuring method involve bringing a tool to a workpiece from
above and removing chips from a small area of theworkpiece. After that, themachine
is stopped, a test measurement of the resulting size is made, a deviation from the
required size is determined, and the tool position is corrected. After that, the trial run
and measuring are performed again. Once the required size is achieved, the entire
surface is machined. This machining method is used in small batches, single pieces,
and experimental production.

The method’s advantage is that a specialist’s high qualification allows for high
machining accuracy, as the specialist can consider inaccuracies in the machine, tool,
workpiece, and other factors. The method’s disadvantages are a chance of rejection
due to employee inattention, low productivity due to time spent on trial runs, and
high cost due to the high qualifications of workers and the significant labor intensity.

The method of automatic accuracy on a pre-adjusted machine tool is based on a
prior positioning of tools by an adjuster or a worker, ensuring that the specified size
can be obtained in a single pass. After that, a batch of workpieces is machined by
positioning the workpiece on the machine tool, switching it on, and making auxiliary
movements, if necessary (bringing the tool to the workpiece, retracting it, etc.).

The method is highly accurate and productive and ensures dimensional stability
for the batch of workpieces, but at high accuracy, it requires frequent adjustment and
constant monitoring ofmachining parameters. In this case, themachining accuracy is
influenced by subjective factors, such as the operator’s qualifications, and objective
factors, such as the state of a technological systemand setup error. Thismethod is used
in almost all types of production. Machining workpieces on CNC machines, using
the method of achieving accuracy with the help of limbs, using stops on universal
machines, using semi-automatic and automatic machines, and copying machines—
all these are examples of the method’s implementation for achieving accuracy. The
following methods can be used to adjust the position of the machine tools to the
required size.

A method of using machine limbs suggests that when machining the first work-
piece, a worker, using the previously discussed method of trial runs and measuring,
determines limb positions of tool working bodies during machining the first work-
piece, at which the accuracy of measurements is achieved. Subsequent workpieces
are machined at the exact positions of the tool’s limbs, ensuring the achievement
of the operating dimensions. The limbs pre-setting to size can also be performed
using standards or templates. The method is used in small-batch and medium-batch
manufacturing. The accuracy depends on the following objective and subjective
factors:

• objective—dependent on amachine (accuracy of a gauge, degree ofmachinewear,
backlash in screw pairs, etc.);
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• subjective—errors in the initial determination of limb readings (visual acuity of
a worker, viewing angle relative to limb distributions, errors in pre-setting a limb
to its original position, and other factors).

A method of tool setting during machining of a workpiece sample batch involves
the following. Its core is based on achieving the required tool position by adjusting
it based on the machining results of subsequent workpieces from a sample batch
(5–10 pieces). This method of tool setting is similar to the method of trial runs
and measuring. The method is used in medium-batch, large-batch, and mass
manufacturing when adjusting turret machines and automatic and semi-automatic
machines.

The essence of a reference method involves setting tools using a standard as a
reference. The reference is a copy of a workpiece machined in a given operation.
The reference dimensions include a probe thickness through which the tool touches
the reference. The probe thickness also considers elastic deformations of machine
elements occurring during operation due to cutting forces.

An adjustment method is based on monitoring parameters by sensors built into a
technological system. Sensor signals are transmitted to devices that analyze them.
These devices determine whether the actual dimensions match the specified dimen-
sions and, if not, generate control signals to correct a tool position. This method is
sometimes referred to as active accuracy control, which helps prevent defects, as
opposed to passive control, which only registers them. In this case, the dimensional
accuracy depends on the control device’s and machine tool’s accuracy.

This method is mainly used in large-batch and mass manufacturing, as it has high
productivity and accuracy and reduces the time of control operations, but it requires
additional costs for implementation.

4.3 Roughness

Geometric characteristics and physical and mechanical properties of a surface layer
determine the surface quality of a machine part (Vukelic et al. 2022). A tangible
surface borders the part and separates it from the environment (Petrakov et al.
2023). A nominal surface is an ideal surface with a nominal shape specified in a
drawing or other technical documentation. Profile deviations of a tangible surface
from the nominal one determine the geometrical characteristics of machined surface
quality. These deviations include roughness, waviness, and deviations from the
correct geometric shape. The latter was discussed earlier. Terms and definitions for
surface roughness parameters are described in the standard (DSTUGost 25142:2009
2009).

A surface roughness is a set of surface irregularities with relatively small steps,
distinguished by a basic length (Fig. 4.10). A basic length l is the length of a basic
line used to select irregularities characterizing the surface roughness.
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Fig. 4.10 Elements of surface roughness

The basic line (surface) is a line (surface) of a given geometric shape drawn in
a certain way relative to a profile (surface), estimating geometric parameters of the
surface. Surface roughness parameters are determined from a single datum, repre-
sented by a centreline m. A centreline m is a basic line with the shape of a nominal
profile and is drawn to ensure the minimal standard deviation of the profile to this
line within a center length.

A surface roughness is evaluated on a length L, which may contain one or more
basic lengths (l). Values of the basic length are taken among the range: 0.01; 0.03;
0.08; 0.25; 0.80; 2.5; 8; 25 mm.

A profile deviation is a distance between any point on a profile and a centerline.
Parameters and characteristics of surface roughness were specified in DSTU GOST
25142:2009 (2009).

A profile protrusion line is an equidistant line to a centerline and passes through
the highest point of the profile within a basic length. A profile cavity line is an
equidistant line to the centerline and passes through the lowest point of the profile
within a basic length.

There are six parameters of surface roughness:

1. Ra—an arithmetic mean profile deviation—absolute values of the arithmetic
mean of profile deviations within a basic length:

Ra = 1

l

1∫
|y(x)|dx; Ra ≈ 1

n

n∑
i=1

|yi|, (4.1)

where

l basic length;
n the quantity of chosen points at the basic length.

2. Rz—a height of profile irregularities by ten points—a sum of average absolute
values of heights for the five most extensive profile protrusions and depth of the
five most extensive cavities within a basic length:
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Rz =

5∑
i=1

|ypi| +
5∑

i=1
|yvi|

5
, (4.2)

where

ypi height of the i most extensive profile protrusion;
yvi depth of the i most extensive profile cavity.

3. Rmax—the greatest height of profile irregularities—a distance between a profile
protrusions line and a profile cavities line within a basic length l.

4. Sm—an average spacing of profile irregularities—an average value of a profile
irregularities spacing within a basic length:

Sm = 1

n

n∑
i=1

Smi, (4.3)

where

n a number of spacings within a basic length l;
Smi a spacing of profile irregularities equal to the length of a centerline segment

limiting a profile irregularity.

5. S—an average spacing of local profile protrusions—an average value of spacing
of local profile protrusions within a basic length:

S = 1

n

n∑
i=1

Si, (4.4)

where

n a number of spacings of irregularities along asperity tips within a basic length l;
Si a spacing of profile irregularities along asperity tips equal to the length of a center-

line segment between the projections of the two highest points of neighboring
local profile protrusions onto it.

6. tp—a relative reference length of a profile—a ratio of a profile reference length
ηp to a basic length l:

tp = ηp
/
l (4.5)

A reference profile length ηp is a sumof segments length bi within the basic length,
cut off at a given level P in a profile material by a line equidistant to a centerline m:

ηp =
n∑

i=1

bi. (4.6)
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Fig. 4.11 Designations of
the surface roughness

It is recommended that the Ra parameter can be given preference in practice since
samples for determining surface roughness by the comparisonmethod aremade using
this parameter. The roughness parameter values and their designations and rules for
applying them to product drawings are given in DSTU GOST 2512:2009 (2009).

To indicate the surface roughness with an unspecified type of machining, use the
sign shown in Fig. 4.11a.

To indicate the surface roughness formed by removing a material layer (turning,
milling, drilling, grinding, polishing, etching, etc.), use the symbol shown in
Fig. 4.11b. This symbol should be used in such technological documentation as
sketch sheets.

To indicate the surface roughness formed without removing a material layer
(casting, forging, bulk stamping, rolling, drawing, etc.), use the symbol shown in
Fig. 4.11c. The same sign indicates surfaces not subject to machining, i.e., remain
in the state of the original workpiece.

4.4 Surface Quality Impact on Exploitation Properties

The relationship between surface quality parameters of parts and their opera-
tional properties is one of the main areas of research in machine building and
instrumentation.

Currently, the relationship between the machined surface quality and impor-
tant performance characteristics of machine parts and components has been suffi-
ciently studied (sliding and rolling friction and wear, liquid friction, contact hard-
ness, strength of press connections, reflectivity, wear resistance under variable loads,
corrosion resistance and quality of paint and varnish coatings,measurement accuracy,
the correlation between dimensional tolerances and surface roughness, etc.). Some
physical and chemical properties of a surface layer do not affect the performance
characteristics of machine parts; instead, their chemical composition and structure
(microstructure) are crucial (Berladir et al. 2022).

Part friction and wear are significantly related to macro- and microirregularities,
waviness, and the direction of the machining strokes (marks).

The characteristics ofmacro-irregularities andwaviness affect the size of the areas
with actual contact, i.e., determine the contour of the contact area. The presence of
waves reduces the contact area by 5–10 times compared to a flat, rough surface.
The wave height Wz is more critical than the wave spacing S because the former
parameter has a more substantial effect on the size of the contact area and, as a result,
on wear (Fig. 4.12). The macro-irregularity’s shape and size largely determine the
process of surface contact. The limit values of deviations from the correct geometric
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Fig. 4.12 Height Wz and
wave spacing Sω effect on
wear

shape and the relative location and shape ofmacro-irregularities of the surfaces of the
parts in contact must be considered when assessing the macro-irregularities effect.

Themutual movement of contacting planes (Fig. 4.13a) or cylindrical (Fig. 4.13b)
surfaces with macro-irregularities (roughness) causes shearing, fragmentation, and
plastic displacement of the irregularity vertices at the start of operation because of
their contact along the irregularity vertices.

The correlation between wear and the operating time of frictional areas is shown
in the diagrams (Fig. 4.13d, e). Initial wear occurs relatively quickly (area I) within
period T1. The correct lubrication regime (Fig. 4.13c) results in slower wear (area II)
due to the generation of equilibrium roughness. This period determines the service
life of the part. Area III demonstrates the catastrophic wear of the pair.

Curve 2 (Fig. 4.13e) represents the wear of surfaces with lower initial roughness
than Curve 1. In this case, the amount and run-in time are reduced while the intensity
of operational wear remains the same. The service life of the friction pairs within the
size A of the permissible wear will vary. With a lower roughness of the connected
surfaces, the service life of the parts will be longer (Т2 > T1).

The initial wear (run-in) process relief is transformed into an operational relief
(Fig. 4.14a)—consequently, the size and shape of irregularities and the direction
of machining marks change. The actual contact area of the surfaces increases as
the profile’s reference length tp increases (the reference surface curve is given in
Fig. 4.14b).

The height of the irregularities decreases or increases to some optimum value,
which varies for different conditions. It has been experimentally established that the
lowest wear occurs not at the minimum roughness of the frictional areas but at the
roughness with the optimum value of Ropt , with deviations to the left or right leading
to an increase in wear (Fig. 4.15, Curve 1). Under heavier operating conditions, wear
Curve 2 shifts to the right and upward, and the points of optimum roughness shift to
the right toward increasing the height of the irregularities.

A height increase in irregularities compared to the optimum value increases wear
due to higher mechanical adhesion, chipping, and shearing of irregularities. A height
decrease of irregularities compared to the optimum value drastically increases wear
due tomolecular adhesion and surface seizure, facilitated by lubricant squeezing and,
thus, improper lubrication of mirror-clear surfaces. That is why scraped surfaces are
preferable to lapped ones, as they have grooves (“pockets”) that retain the lubricant.
A layer of porous chromium ensures good lubricant retention, the porous structure
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Fig. 4.13 Effect of surface
roughness on machine parts
wear: a, b—contact schemes
of joined parts along the
generatrix (along the axis)
and circularly; c—virtual
and physical contact of
surfaces; d, e—typical wear
schedules over time

of metal-ceramic parts, and a system of small lubricant retention channels obtained
by vibration rolling.

An optimum roughness is characterized by the height, spacing, and shape of
irregularities (cavity radius, the inclination angle of irregularities in the direction
of movement, etc.). The optimum roughness parameters depend on the frictional
areas’ lubricant quality, other operating conditions, and their design and material.
The range of Ropt is usually minimal. Pointed microirregularities wear out faster than
flat microirregularities (Fig. 4.16) since the smaller contact area.
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Fig. 4.13 (continued)

The microhardness of a surface layer affects wear resistance. Preliminary defor-
mation hardening (riveting) of metal in this layer reduces surface crushing and abra-
sion when surfaces are in contact. For example, deformation hardening resulting
from cutting reduces surface wear by 1.5–2 times. The positive effect of preliminary
deformation hardening on parts’ wear resistance is noticeable not only under fric-
tion with a lubricant but also to the same extent under dry friction: wear resistance
increases by 1.5–2 times or more. The effect of deformation hardening on wear resis-
tance is powerful for more ductile and relatively mild steels, for which even a slight
increase in microhardness causes a significant reduction in wear.

Frictional areas acquire optimum roughness and form optimum microhardness
of metal in the upper layer during the run-in. Deformation hardening positively
affects the wear resistance of frictional areas only up to a specific value. At high
microhardness, wear increases due to “overriveting” due to the flaking of metal
particles. Therefore, the metal hardening of a surface layer during the machining of
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Fig. 4.14 Process relief transformation into an operational relief

Fig. 4.15 Wear correlation
with surface irregularity
vertices and operational
conditions

parts using special hardening operations should be performed at a strictly regulated
value of deformation hardening to prevent the occurrence of “overriveting”.

Wear is significantly reduced by thermal and chemical-thermal treatment of parts
(e.g., surface hardening, cementation, cyanidation, nitriding, chromizing, boronizing,
aluminizing, siliconizing, etc.), padding and plasma spray of parts with hard alloys,
as well as by galvanic application of hard coatings (chrome-plating).

A surface layer’s hardness, structure, and chemical composition affect the wear
reduction. Residual compressive stresses in the layer reduce wear slightly, while
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Fig. 4.16 Contact area
depending on an irregularity
shape: а—pointed;
b—flat-topped; r, r′—radii of
irregularities vertices,
S—irregularity spacing

residual tensile stresses increase it. This effect is more evident in elastic contact
and less evident in elastic–plastic contact. Wear changes the residual stresses in
the surface layer of the part. Parts’ strength also depends on the surface roughness.
Failure of a part, especially under variable loads, is mainly caused by the concentra-
tion of stresses due to irregularities. The lower the roughness, the lower the risk of
surface cracks due to metal fatigue. Finishing parts (e.g., finishing, polishing, etc.)
significantly increases fatigue strength.

Reducing surface roughness significantly increases the corrosion resistance of
parts. This is especially important when protective coatings are not used for surfaces
(engine cylinder surfaces, etc.).

A directional pattern of strokes—traces of machining and other machining—is
an important geometric characteristic of surface quality. It affects the surface’s wear
resistance, fit accuracy, and press joint strength. In critical cases, the designer should
specify the directional pattern ofmachiningmarks on the part’s surface. For example,
this factormay be necessary in relation to the direction of relative sliding of connected
parts or the movement of a liquid or gas jet through the part.

Wear is reduced and minimized when the sliding direction coincides with the
direction of the irregularities in both parts.
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Surface roughness and waviness are interdependent with dimensional accuracy
because the connection accuracy, determined by the gap size in a joint, depends
mainly on the ratio of irregularities height and tolerance field (machining accuracy)
of each connected part.

Given that during the initial wear, the height of irregularities can decrease by 65–
75% (at a higher height than at the optimum roughness), an increased gap appears
in the joint, which can reach the tolerance value for the part manufacturing, and
the accuracy of the joint will be compromised entirely (for example, instead of the
6th accuracy class joint required by the drawing, a 7th or 8th accuracy class joint
is formed; instead of a tension fit, transitional fit appears, etc.). Parts’ machining
until the optimum friction surface roughness is achieved helps prevent this in all
critical joints, requiring long-term preservation of the accuracy specified by a design
engineer (Jovicic et al. 2023).

Surface roughness and waviness are always essential for high accuracy, deter-
mined by the operating conditions of connected parts and the need for reliable
measurement results in production (Halchuk et al. 2023). The reduction in surface
roughness adds additional accuracy to the nature of the joint because the gap (or
tension) obtained from the inspection of parts differs from the effective gap or tension
that occurs during assembly and then in operation. The effective tension during
assembly decreases, and the gap increases more rapidly during the mechanism’s
operation, in contrast to more roughly machined connected surfaces.

The low surface roughness can also be used to enhance the appearance of a
workpiece or to facilitate the cleaning of surfaces during operation.
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Chapter 5
Technological Processes in Machining

5.1 Fundamental Principles

To design technological processes, such fundamental principles should be observed:
technical (quality of products); economic (minimal costs to make products); and
ecological (minimal damage to workers and the environment).

All initial information for designing technological processes can be subdivided
into three groups: basic (drawings of machines, assembly units, parts; output
including spare parts; production time; manufacturing system data—ways of making
workpieces, etc.); guideline (work safety instructions, conventional technological
processes, standards of designing and adopting technological processes, etc.); and
reference (catalogs of equipment, fixtures, machining modes, workpiece time, etc.).

When designing technological processes, basic and reference data must reflect the
actual state of the manufacturing system. Catalogs of new equipment and fixtures
may be used for promising technological processes.

Thedesignofmachining technological processes is amulti-variant task (Kusyi and
Stupnytskyy 2020). It implies processing initial information (insufficient and inac-
curate) into end-of-end technological solutions. The design itself has many stages. It
synthesizes new data at each stage, which supplements the initial data. Calculations
should be optimized to make a multi-variant solution (e.g., to define ways of surface
machining or equipment selection) (Petrakov et al. 2023). The design of the techno-
logical process is iterative. In other words, you can return to and correct previously
made solutions.

Within the design of the technological process, there are three large stages
(Fig. 5.1): collecting and analyzing primary information (green color); making tech-
nological solutions (blue color); and providing a technical–economic evaluation and
adopting the technological documentation (red color). The design sequence of these
stages may be represented as the below-mentioned algorithm (Zakharkin 2004).

There are such design methods of technological processes: manual, computer-
aided, and automatic.
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Adop�ng manufacturing documenta�on

Technical-economic evalua�on

Time evalua�on of the technological opera�ons

Determining cu�ng modes

Genera�ng structure of technological opera�ons

Defining allowance for workpiece surface machining

Crea�ng the route of workpiece machining

Assigning methods to machine workpiece surfaces

Selec�ng a loca�ng chart

Selec�ng the method for workpice manufacturing

Manufacturability analysis

Defining manufacturing type and batch to produce

Collec�ng and analyzing primary data

Fig. 5.1 Algorithm of technological process design

The manual design means that all object descriptions (drawings, manufacturing
documents, etc., in different languages) are conducted by humans. Via intuition and
experience, they settle most stages: analyzing technical conditions, selecting ways of
workpiece locating and production, and assessing the sequence of operations. Here,
you observe standards and recommendations, follow typical solutions, and make
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some technological calculations. The computer-aided design is implemented within
the interaction between computers and humans using the specialized computer-aided
process planning (CAPP) software. The automatic design is carried out without
humans at all.

In the case of CAPP, computers mainly solve tasks whose essence may be formal-
ized and arranged as functional and structural data: calculations, stages of machining
part surfaces, optimal conditions to decrease laps, etc. Further development of design
and computing theory may provide computers with creative tasks to settle.

Modern CAD systems solve technological tasks via quick communication
between humans and computers. It is efficient for creative tasks with the heuristic
approach (e.g., recognition of part images, their size and topology tomake an optimal
choice of locating, machining, assembling schemes, etc.). These and other tasks can
be settled effectively by synthesizing creative human skills and “software abilities”.

In terms of design principles, there are two methodological approaches. The
first is synthesizing the technological process via knowledge and solutions derived
from primary definitions (step, setup, compatibility of machines and tools, etc.). The
second includes typical and group technological processes and integrated solutions
accumulated because of a long engineering experience.

Technological process synthesis is a difficult, laborious, and formal process. It
requires deep knowledge, intuition, and experience (Kusyi et al. 2022).

The typical or group technological process design does not need deep knowledge.
It is easily formalized and automated. Today, almost all valid technological process
design systems (computer-aided and automatic) are based on typical technological
solutions.

Defining the type of manufacturing, output tact, and batch is essential at the tech-
nological process’s design stage. There are three types of manufacturing: single-part,
batch, and mass. For a specific product, the type of manufacturing can be established
through tables in specialized literature. Here, the type of manufacturing is a function
between product output and theirmass/total labor intensity/dimensions. For the large-
batch and mass manufacturing, output tact must be calculated. The optimal number
of products launched into production simultaneously should be established for small-
batch andmedium-batchmanufacturing. It is called anNpart batch orNmachine batch. The
batch output of parts is estimated via the formula:

Npartbatch = N · a
254

pieces, (5.1)

where

N annual output of parts;
а = 1, 2, 5, 10, 20 number of days when a stock of parts is required;
254 number of workdays per year.

If the annual output is evenly shared per month, Nmachine batch is usually equal to
the monthly output plan:
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Nmachinebatch = N

12
pieces (5.2)

There are other ways to calculate these indexes as well. Sometimes, the annual
output share among months may be defined by a customer.

One of the factors that significantly influence technological processes is testing
product construction for manufacturability. The product construction must not only
correspond to its service requirements but also to a more economical manufacturing.
The lower labor intensity and product cost are, themore technological it is. Therefore,
the manufacturability test is performed before the technological process design. It
demands deepmanufacturing knowledge, including technical and economic abilities,
equipment, etc. Technological product construction should include a wide use of
unified assembly units, standard parts, and their elements, as well as a minimal
quantity of unique parts. The technological product construction should correspond
to assembly requirements. Besides, it is necessary to have convenient assembly bases,
minimal adjustment, and opportunities for parallel assembly of separate units.

Testing product construction for manufacturability can be qualitative and quanti-
tative. The qualitative testing characterizes manufacturability in a generalized form.
Based on the tester’s experience, it is conducted on all design stages as a preliminary
condition. It is assessed via values “good—bad”. Quantitative testing defines the
relation of achieved indexes to basic ones. As basic, indexes of those machines are
regarded as belonging to the best products worldwide.

Manufacturability must be tested in the following way: selecting and analyzing
initial materials needed for manufacturability assessment; defining manufactura-
bility indexes of the basic and producible construction; conducting the comparative
assessment and calculation of manufacturability; and developing measures to raise
manufacturability.

The main indexes of product construction manufacturability are labor intensity,
cost, material, and energy consumption.

The labor intensity of product assembly, manufacture, or repair is the sum of stan-
dard hours used for its assembly, manufacture, and repair. The level of construction
manufacturability as to labor intensity is defined via the formula:

Cm = Le
Lb

, (5.3)

where

Le and Lb expected (design) and basic labor intensities to manufacture or repair
products (standard hours).

Cost is the total expenditure value for materials and salaries with extra fees and
overhead expenses. That comprises all components of the product. Cost is a general-
ized index of product quality. The level of construction manufacturability as to cost
is defined via the formula:
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Cc = Ce

Cb
, (5.4)

where

Ce and Cb expected (design) and basic costs to manufacture products (euro).

Material consumption implies all materials used to manufacture a product of a
certain mass. This is often regarded as a ratio of product mass to one of its technical
parameters (e.g., capacity).

Energy consumption refers to the quantity of fuel and power resources applied in
product manufacturing. It can be measured in kilowatts, calories, etc.

Levels of construction manufacturability in terms of material and energy
consumption are defined similarly to those in terms of labor intensity and cost.

The construction is technological if the values of manufacturability are lower than
one. There are also other indexes to clarify construction drawbacks and raise manu-
facturability. They comprise the unification of parts and their components, material
brands, assortments, thread or fit size, etc. Figure 5.2 shows non-technological solu-
tions on the part construction: the opening axis is not perpendicular to the surface,
which makes it necessary to design and produce a special drill. Another example
(Fig. 5.2b) represents a more accurate opening (the seventh finish degree) as blind.
Here, we cannot cut such an opening. On the contrary, other progressive machining
methods can be used. In such a case, it is reasonable to make a thorough opening.

After the manufacturability test, all recommendations about construction change
should be described in the explanatory report. The change proposals should be
included in the product construction if they do not contradict the product service.

Selecting the method for workpiece manufacturing is an important task. Primary
workpieces are widely applied in engineering. They are obtained via casting, plastic
straining, structural sections, welding, powder metallurgy, etc. Such ways of work-
piece manufacturing may be implemented via various methods. For example, casting
is promoted via molds. Plastic straining may be realized in the cold and hot states
with or without clichés (free forging). Workpieces may have different configurations
of structural sections (round, sheet, or complex).

Fig. 5.2 Examples of non-technological part solutions
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Manufacturing of primary workpieces must be carried out, including such
features: type of manufacturing, part material, part dimensions, complexity, wall
thickness, stepped shafts, and opening diameter in case of casting or plastic straining.

The more accurately the workpiece is made, the more its form and size are closer
to the finished part parameters. Simultaneously, this reduces the time needed for
machining and raises costs.

Besides, the enterprise potential ofworkpiecemanufacturability should be consid-
ered. Otherwise, workpieces must be produced at other cooperating enterprises,
which increases expenditure.

In each case of selecting ways to make a primary workpiece, you should conduct
an economic analysis to determine themost reasonable approach. Here, the following
ratio must be observed:

Ctotal = Cwm + Cl → min (5.5)

where

Ctotal total cost of the workpiece and its machining;
Cwm the cost of workpiece manufacturing itself;
Сl the cost of extra machining to remove laps, etc. (comparison of several

alternative variants).

Themachining essence consists of removing superficial layers ofworkpiecemate-
rials to ensure the workpiece surface’s proper size, form, and quality. The removed
layer determines part quality, labor intensity, coefficient of workpiece material use,
technological process reliability, cost, etc. Allowance (Z) is the material layer that
should be removed from the workpiece surface in case of its machining. The unma-
chined surfaces do not have any allowance. The workpiece surface allowance may be
removed during one or several operations. Intermediate allowance (Zi) is thematerial
layer that must be removed during one operation (step). Total allowance (Ztotal) is the
material layer removed from the workpiece during all operations to acquire a proper
form, size, and quality of the superficial part layer.

Depending on the workpiece location, there are asymmetrical and symmetrical
allowances. The former are removed consecutively from one or opposite surfaces.
The latter are situated on inner and outer rotation surfaces and on both opposite
surfaces, machined simultaneously.

Sometimes, it is unreasonable to manufacture complex workpieces because of
economic and technical reasons. The workpiece form significantly differs from the
finished part form in such cases. The material added for form simplification during
manufacturing is called lap.

The primary data used to calculate laps can be part drafts or drawings with all
dimensions and requirements for accuracy and quality of the superficial layer, the
kind and way of primary workpiece manufacture, and the route of part manufacture
(surface machining).

There are such methods of defining laps: statistical research; analytical calcula-
tion; technological dimension chain.
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The statistical research implies that total and operational allowances are taken
from tables (Lieposhkina et al. 2023). They are based on the generalization and
systematization ofmanufacturing data from advanced enterprises. Such tables belong
to state workpiece standards. The method drawback is that allowances do not include
concrete conditions of technological process planning: no machining route (total
allowance), no workpiece location scheme, and no previous machining errors (inter-
mediate allowance). Within statistical research, allowance dimensions are overrated.
They are directed at machining conditions when you should avoid any defective
products with the allowance of use.

5.2 Strategy for Workpiece Machining Routes

The workpiece machining route defines a sequence of cutting, thermal, galvanic,
fitting, and controlling operations (Kusyi et al. 2024). Typical, group or working
factory technological processes can be used for route design.

In the case of the technological process route design, it is necessary to consider
the factory experience and recommendations of literature sources to divide the tech-
nological process into stages properly. They combine methods with approximately
similar accuracy and quality of surface machining.

One of the schemes to represent a reasonable sequence of workpiece machining
stages is shown in Table 5.1. It generalizes a long engineering experience. According
to the table, finished technological datums are first, and other surfaces are second
to a machine. This is conducted to adjust the surfaces to meet the part drawing
requirements. The highest accuracy belongs to part surfaces that perform service
functions. Therefore, the workpiece machining route must be subordinated to one
of the main principles: product service use. Such a route significantly influences the
technological process sequence.

As the table indicates, the stages are optional for all technological processes (only
some parts demand heating, surfacing, and finishing). For precise workpieces, it is
unnecessary to include rough, semi-final, and final machining stages. The optional
stages can be skipped when generating a machining route.

Outer surfaces have maximal accuracy and minimal undulation. Consequently,
the manufacturing route must be ended with part finishing. Other surface treatment
is completed in the semi-final or preliminary machining stages.

Division of the technological process into stages provides many advantages. The
preliminary treatment may be done using old or inaccurate equipment by less skilled
specialists. The timegap between preliminary, semi-final, andfinalmachining reveals
more deformations to remove during the last treatment stage. Finishing at the route
end decreases the surface damage risk. There may be deviations from the main
principles of the workpiece machining route generation. Thus, the route often ends
in treating damageable surfaces (outer threads, etc.). For unsmooth parts, it is sensible
to conduct final machining immediately after rough and preliminary machining to
find internal defects. This rule is usually observed when machining flat surfaces
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Table 5.1 Sequence of workpiece machining stages

Stage Name Features

1 Preliminary
I

Treatment of surfaces that will be applied as technological datums in
further stages

2 Preliminary
II

Rough machining of outer surfaces and those that do not presuppose
defects. Size accuracy: IT12–IT14. Forms and location accuracy: degrees
X–XII. Roughness Rz = 10–20 µm. Ra = 2.5–5 µm

З Thermal I Thermal treatment to remove inner tension of kind I and II

4 Light Correction of technological datums and semi-final surface machining.
Size accuracy: IT10–IT12. Forms and location accuracy: degrees
VIII–ІХ. Roughness Rz = 6.3–10 µm. Ra = 1.25–2.5 µm

5 Thermal II Thermal treatment to improve the quality of outer material layers

6 Final Correction of technological datums and final surface machining. Size
accuracy: IT8–IT9. Forms and location accuracy: degrees VI–VII.
Roughness Rz = 3.2–6.3 µm, Ra = 0.63–1.25 µm

7 Extra Secondary operations (fastener drilling, beveling, grooving). Treatment of
damageable surfaces (threading)

8 Galvanic Chromizing, nickeling, etc

9 Expectant Finishing of outer and zero surfaces. Size accuracy: IT5–IT7. Forms and
location accuracy: degrees IV–V. Roughness Rz = 0.8–1.6 µm, Ra =
0.16–0.32 µm

10 Control Final testing

via turning and drum mills. Here, you reach a higher treatment concentration and
decrease part setup and machining costs. If parts are subjected to thermal treatment,
the machining route is subdivided into several elements (Table 5.1).

It is worth saying that Stage 3 may be implemented as first and second, which
allows not to break the machining sequence. Stage 5 corresponds to hardening and
cementing.

In the case of nitriding, it can be done before Stage 8. Consequently, Stages 5 and 6
may be skipped.

Thermal treatment leads to errors in the workpiece form, mutual surface loca-
tion, and undulation. To remove these defects, routes should correct technological
datums or machine some surfaces again (Stages 4 and 6). Thermal treatment often
includes specific operations, such as coppering uncementable surfaces. Technical
control should be planned within the technological process design (Denysenko et al.
2022, 2023). It is realized to prevent defects (Silva et al. 2023). Besides, technical
control is reasonable before important operations and at the end of treatment. For all
other operations, random control is usually applied.
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5.3 Selection of Machines and Fixtures

Workshop equipment should be analyzed to select a cutting machine (Antosz et al.
2022). Within single-part manufacturing, very loaded equipment that limits output
may be used only in exceptional cases (when no other machining methods are
applicable). Otherwise, any available equipment should be used that promotes high-
quality part machining (Trojanowska et al. 2022). For technological process design
at new enterprises, equipment selection is restricted only by economic considerations
(Dobrotvorskiy et al. 2020).

The selection of machines is based on such criteria: type of manufacture; tech-
nological possibilities of realizing processing methods (structure of technological
steps); working area dimensions; quantity of tools; engine capacity; machine price.

General-purpose and versatile machines are involved in small-batch and single-
part manufacturing.

High-performance machines possess a restricted technological potential.
However, their enhanced capacity and undulation promote better cutting. Such equip-
ment comprises multi-tool lathes; hydro-copying, single-spindle and multi-spindle
machines; odd or centerless grinding machines; turning and drum mills, etc. They
are appropriate for the large-batch and mass manufacturing (Redko et al. 2019).

Special machine tools are based on high performance. They are equipped with
extra spindles and other units (Krol et al. 2024) for specific machining operations in
mass manufacturing.

Special machine tools are designed and manufactured for exclusive orders. They
are used to perform certain operations. Both design and manufacture of such equip-
ment are costly. Therefore, they are repaid only in mass manufacturing. Modular
machines (Zaleta et al. 2023) are involved in batch and mass manufacturing. CNC
machines are used for small-batch and medium-batch manufacturing. Equipment
selection must be based on the technological process expenditure analysis within the
product life cycle with a certain quality (Yakovenko et al. 2021). The analysis results
are assessed via ratios between principal and artificial time and overall machining
expenditure.

The most multi-variant machine is a lathe. Selection of lathes, single-spindle,
and multi-spindle machines may be conducted without complicated calculations via
diagrams. They define the economic use limit of these machines for different output
programs. In each selection case, machine certificates are assessed. If they are absent,
catalogs of cutting and other equipment are involved.

The following considerations define the selection of machining fixtures (Karpus
and Ivanov 2012a).Universal fixtures are widely used in single-part and small-batch
manufacturing (e.g., chucks, vises, dividing devices, rotary tables, etc.). Dedicated
fixtures are applied for large-batch and mass manufacturing to reduce production
time with a higher accuracy (Karpus and Ivanov 2012b). Fixture selection must be
based on the technological process implementation expenditure analysis, including
limited time and products. From this perspective, you should compare fixtures with
similar requirements and tasks in certain conditions. The optimal choice of fixture
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must consider (Karpus’ and Ivanov 2008): sufficient flexibility for the machining of
parts within the limitations of the machine tool; specified accuracy of machining;
mechanized or automated adjustment on switching to a new product; the rigidity of
the components and subassemblies of the fixture to withstand considerable cutting
forces and permit maximum utilization of the equipment’s capacity; adequate tool
accessibility to machine the maximum number of surfaces in a single setup; stan-
dardization of the parts and subassemblies of the fixture for reasons of affordability;
high reliability of the fixture and its components; and economic efficiency (Ivanov
et al. 2021).

In manufacturing engineering, there are such fixtures (Karpus et al. 2012).
Universal assembled fixtures consist of all-purpose interchangeable elements. They
are employed as special reversible fixtures of short-term functions. They locate and
clamp workpieces within the dimensions of the fixture set.

Assembled-and-disassembled fixtures are made of standard elements with their
additional mechanical processing. They are applied as special non-reversible fixtures
of long-term action from reversible elements.

Dedicated fixtures aremanufactured from universal standard parts and units. They
are applied as non-reversible fixtures of long-term functions. Their elements are
produced from non-reversible parts.

Universal non-adjusting fixtures are themost widely applied systemswithin batch
manufacturing. They comprise lathe chucks, vises, etc. These devices fix small and
medium workpieces (depending on their space location). At the same time, the setup
of workpieces is connected with the need to control their orientation in space. Such
fixtures ensure the performance of a wide range of workpiece machining operations.

Universal adjusting fixtures equipped with specialized adjustments ensure the
setup and fixturing of small- and medium-size workpieces and the performance of a
wide range ofmachining operations. They are used asfixtures of short-term functions.

Specialized adjusting fixtures provide locating and clamping of workpieces
according to a specific locating chart using special adjustments to perform typical
machining operations.

All of the fixtures mentioned above are unified. Their selection dramatically
differs from that of conventional tooling. Fixture designers usually perform this
work. Manufacturing engineers only define a proper fixture system and propose a
locating chart.

Within fixture selection, the following documents should be applied: normative
(standards of fixtures and their components,manufacture terms and definitions); tech-
nical (albums of typical fixture configurations, catalogs, specifications of equipment,
and instructions on fixture selection).
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Chapter 6
Machining Methods

6.1 Turning

Turning forms surfaces of revolution on machines of a turning group: turning and
screw-cuttingmachines, turning rotary-tablemachines, CNC turningmachines, auto-
matic turret lathes, semi-automatic machines, and automatic machines with different
numbers of spindles, multi-tool lathes, and hydraulic copying machines. All these
machines have their limits of economic feasibility for different types of production
(Kusyi and Stupnytskyy 2020; Korkmaz et al. 2024). The cutting tools for turning
are single-blade tools. Examples of turning tools and surfaces to be turned are shown
in Fig. 6.1.

Irrespective of the machine type, the principal turning motion is provided by
workpiece rotation at the cutting speed V (m/min):

V = π · D · n
1000

, (6.1)

where

D a machined surface diameter, mm;
n frequency of workpiece rotation, rev/min.

The cutting speed during turning depends on the machining stage, workpiece
material, and a tool’s cutting part, averaging 50–250 m/min. The feed rate S during
turning is provided by moving a tool along the workpiece axis, perpendicular to it,
at an angle, or along a complex path when machining complex (shaped) surfaces. It
is measured in millimeters per revolution (mm/rev).

Technologically, blade machining of center hole surfaces can be performed on
turning machines in combination with the machining of outer surfaces and ends,
increasing the accuracy of their relative positioning (Gasanov et al. 2019).
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Fig. 6.1 Examples of tools and surfaces machined by turning: a—longitudinal boring of a cylin-
drical hole with a boring cutter; b—profiling with a form cutter; c—longitudinal turning of a
cylindrical surface with a thrust-and-facing cutter; d—end trimming with a thrust cutter; e—longi-
tudinal turning of a cylindrical surface with end trimming with a passing cutter; f—profiling and
(or) turning of a conical surface with a contour cutter; g—cutting a thread with a threading cutter;
h—grooving or forming a flute, or cutting with a grooving cutter or cutoff cutter

Turning ensures surface accuracy of 12–14th class of quality with a surface rough-
ness of 25–6.3 µm according to the Ra criterion in case of rough machining to 6–7th
class of quality during fine turning with a roughness of 0.2–1.6 µm according to the
Ra criterion.

Hole boring is performed mainly on machines of turning, boring, and milling
groups. Boring is performed with various designs of tools mounted either directly
in a machine tool holder or in special mandrels (Orgiyan et al. 2020). Workpiece
rotation provides the cutting speed, and tool movement provides the feed rate when
boring a hole in a turning machine. For boring group machines, the tool rotates while
a spindle provides feed with the tool and a table with a workpiece (Balaniuk et al.
2023). Multi-blade boring heads and blocks increase labor productivity when boring
holes in medium-batch and large-batch manufacturing (Badovskyi et al. 2024).

Similar to turning, boring provides surface the accuracy of 12–14th grade class
of quality with a surface roughness of 25–6.3 µm according to the Ra criterion in the
case of rough machining to the 6–7th grade class of quality in fine turning with the
surface roughness of 0.2–1.6 µm according to Ra.
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6.2 Drilling, Counterboring, Reaming

Various off-center holes in body parts and radial holes in parts of bodies of revolution
are typically machined on drilling and milling machines. Hole forming has certain
technological peculiarities, including difficulty in chip extraction, significant heating
of a workpiece and a tool, impossibility of monitoring a cutting zone, etc.

Blade machining of holes can be performed with end-cutting (to-size) tools, such
as drills, countersinks, and reamers, and off-size tools, such as cutters. Some schemes
for machining using to-size tools are shown in Fig. 6.2. They can be implemented
on machines with vertical or horizontal spindle axes.

Drilling is the only method of blade machining for creating a hole in a solid
material (Fig. 6.2a). Drills are cutting tools used and can be designed for different
purposes. Twist drills are used to make holes in solid material (Fig. 6.2a) and to
increase the size of an already drilled hole (reaming, Fig. 6.2b).

Fig. 6.2 Examples of hole surfaces machined with a to-size axial tool: a—drilling a cylindrical
hole in a solid material with a twist drill; b—reaming a cylindrical hole with a twist drill; c—
counterboring a cylindrical hole with a countersink; d—centering with a combined (centering)
drill; e—cutting a thread with a tap; f—spotfacing a flat surface of a protrusion with a counterbore;
g—spotfacing a cylindrical holewith a flat facewith a spotfacing cutter;h—counterboring a chamfer
with a countersink; i—reaming a cylindrical hole with a cylindrical reamer; j—reaming a conical
hole with a conical reamer
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Combined axial tools are designed to create multiple surfaces in a single stroke.
They can combine other tools in one design, such as a countersink drill, etc.

Trepanning drills are used formachining holeswith a large diameter (usuallymore
than 60–70 mm). After the hole is made, a rod remains for further manufacturing.

The drills aremade of high-speed types of steel and are also equippedwith carbide
inserts.

The cutting speed at drilling depends on a machining step, workpiece material,
and a cutting part of the tool; on average, it is V = (5–80) m/min. Depending on
the machine, it is achieved by rotating a drill (drilling and boring machines) or a
workpiece (lathes). The cutting speed can be determined by the formula

V = π · Ddr · n
1000

, (6.2)

where

Ddr a drill diameter, mm;
n rotation frequency of a drill or a workpiece, rev/min.

The feed rate S during drilling is achieved by moving a tool along the axis of
a workpiece and is measured in mm/rev per revolution of a rotating element of a
machining system (tool or workpiece). When drilling, the depth of cut t (mm) is
defined as half the drill diameter Ddr :

t = Ddr

2
. (6.3)

The drilling diameter in a solidmaterial is usually 27–30mm.Drills of a particular
design, like cannon, ejectors, rings, etc., are used for deep holes. A coolant cools a
cutting part of the drill and removes chips from a cutting zone (Kolesnyk et al. 2022).
It is supplied to the cutting zone under a pressure of about 5–8MPa. In some designs
of deep drilling machines, the drill can provide the main motion at the cutting speed.
Deep drilling is performed at cutting speeds of up to 120 m/min and feed rates of
up to 0.2 mm/rev. When drilling holes of small diameter, technology should provide
a preliminary centering of a future hole with a centering drill (Fig. 6.2d) or a short
drill of a larger diameter. Drilling ensures hole machining accuracy of the 11th to
13th class of quality with a surface roughness of 3.2–12.5 µm according to the Ra

criterion (Yaşar et al. 2021).
Reaming (Fig. 6.2b) increases the hole size with a more significant drill bit.

The cutting modes—cutting speed, feed rate, hole machining accuracy, and surface
roughness—correspond to conventional drilling.

Counterboring (Fig. 6.2c) is used to finish pre-formed holes (drilled or produced
in a workpiece by casting, stamping, etc.) to increase the size and improve accuracy.

A countersink is a multi-blade tool that is used as a cutting tool. Countersinks
come in a variety of designs, from solid to tipped. The cutting part can be made of
high-speed steel or with hard-alloy inserts.
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The cutting speed during countersinking depends on the workpiece material and
the tool’s cutting part with the average V speed = 30–80 m/min at the feed rate of S
= 0.5–1.5 mm/rev.

Tapered holes can be counterbored for reaming with a taper reamer. Counter-
boring ensures hole machining accuracy of the 8–10th class of quality with a surface
roughness of 1.25–3.2 µm according to the Ra criterion. Counterboring is used to
make tapered cavities (chamfers) in holes (Fig. 6.2h) for tapered countersunk screw
heads, when cutting a thread, to blunt sharp edges, etc. Counterboring can be done
with specific tools, such as countersinks, or with large-diameter drills that are sharp-
ened at the desired angle. Combined tools like drill countersinks are widely used in
large-batch and mass manufacturing.

Spotfacing involves machining an external hole face (Fig. 6.2f) or step hole face
(Fig. 6.2g) to fit bolt heads, etc., so that they are perpendicular to the hole axis.
Spotfacing is used to machine hole faces on drilling and boringmachines. Spotfacing
is a counterboring type performed with a spotfacer—a face-cutting tool. A spotfacer
has a guiding element designed to orientate its axis in a pre-made hole. Spotfacers
are widely used in large-batch and mass manufacturing.

Reamers are mounted in special “floating” chucks when machining fine holes on
machine tools to compensate for the misalignment of the machine spindle axis with
the hole axis to be machined. The reaming cutting speed is V = 2–15 m/min at the
feed rate S = 0.5–3.5 mm/rev. Finishing reaming ensures hole machining accuracy
of the 6–7th class of quality with a surface roughness of 0.63–1.25 µm according to
the Ra criterion.

Internal thread with taps (Fig. 6.2e) demandsmore labor due to the need to reverse
the tool (or workpiece) after threading to return the tool to its original position.
Tapping is used for cutting threads of relatively small diameter (up to 52 mm) and
low accuracy (7–8th degree) with a surface roughness of 1.6–3.2µmaccording to the
Ra criterion. Tapping can be performed manually and on machine tools for turning
(Onysko et al. 2023), drilling, boring groups, bolt-cutting machines, etc. Taps are
also used to cut tapered threads (Onysko et al. 2024).

Manual threading usually involves a set of two or three taps. Machine taps, as a
rule, form a thread in one working stroke, i.e., with one tool, not a set. In large-batch
and mass manufacturing, tap designs allow the tap to be withdrawn from the hole
without reversal.

Machine taps are mounted in special floating holders that compensate for devia-
tions from hole-tap alignment. To prevent the tap from breakingwhen cutting in blind
holes, the tap holders are equipped with an over-torque safety mechanism. When the
tap rests on the bottom of the hole, this mechanism decouples the tap rotation from
machine spindle rotation.

Cutting speeds for tapping depend on the material of a workpiece, the size of a
cut, etc., and range from 0.5 to 15 m/min. Taps require mandatory surface lubrication
with oils, and special lubricant mixtures are used when machining hard-to-machine
materials. Taps with a ground cut profile increase cutting accuracy by up to 5–
6 degrees with a surface roughness of 1.25–1.6 µm according to the Ra criterion.
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6.3 Milling

Milling is performed using multi-blade tools—milling cutters, the design of which
allows the machining of planes (both in horizontal and vertical positions at an angle
to a machine table plane), cylindrical surfaces, groove surfaces, and shaped elements
(Figs. 6.3, 6.4 and 6.5).

Milling is carried out on vertical and horizontal milling, horizontal boring, mill-
drill-bore machines, carousel and drum milling machines, and CNC machining
centers (Permyakov et al. 2019).

The main cutting movement with the cutting speed of V (m/min) is provided by
the cutter’s rotational movement:

V = π · Dmc · n
1000

, (6.4)

where

Dmc a milling cutter diameter, mm;
n rotation frequency of a milling cutter, rev/min.

The feed S, usually a relative translational motion of a workpiece and a cutter
during milling, can be of the following types: feed per tooth Sz, mm/tooth; feed rate
per revolution Srev = Sz · z, mm/rev (z is several cutter teeth); minute feed rate Smin
= Srev · n, mm/min.

Depending on the design of a cutting part in a milling cutter, its material, and the
machining conditions, milling provides an accuracy of the 8–14th class of quality
with a surface roughness of 0.8–12.5 µm according to the Ra criterion (Duplak et al.
2021).

Milling is a highly productive machining method used in almost all types of
production. Milling of external cylindrical surfaces is a productive method of
machining. It is used for machining, for example, the journals of stepped- and crank-
type shafts, brake plates, etc., performed with disk, end mill, or face milling cutters
on machines of the milling group. Feed motion is usually provided using additional
devices by rotating a workpiece around its axis at a speed of 10–20 m/min (rotary
feed). In contrast, the cutting speed V (m/min) is provided by the rotational speed of
the cutter (main cutting motion). When a disk cutter is used, its width is equal to the
width of the surface to be machined. The method ensures machining accuracy of the
9–10th class of quality with a surface roughness of 5–8 microns according to the Ra

criterion (Duplak et al. 2023).
Milling is one of the most common methods of machining grooves, which can

be shaped in different ways depending on the functional purpose: key slots, T-slots,
dovetail slots, etc. Slotting is performed on machines of the milling and milling-
boring groups. The groove is further processed by grinding, scraping, etc., to achieve
high dimensional accuracy after milling.

When milling slots, the cutter’s rotational movement is provided by the cutting
speed V (m/min). Feed rate—the rate of relative movement of a workpiece and a tool



6.3 Milling 97

Fig. 6.3 Surfacemachining with high-speed cutters andmilling cutters with brazed carbide inserts:
a—milling a plane (shoulder) with a facemilling cutter; b—milling a U-shaped groove with a three-
sided disk cutter; c—cutting off with a slitting disk cutter; d–f—milling of shaped grooves with
cutters of semi-circular, prismatic, and angular profiles, respectively
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Fig. 6.4 Surface machining with end mills: a—milling a shoulder with an end mill; b—milling an
open U-shaped groove with a keyway (cotter) cutter; c—milling a closed key slot with a keyway
(cotter) cutter; d—contour milling of the shoulder with an end mill; e—copy milling or pocket
milling with a radius or spherical cutter; f—copymilling or cavity milling with a radius or spherical
cutter

S (mm/min) in most machining applications is achieved by moving a machine table
with a workpiece. The cutting speed and feed rate values depend on the workpiece
material, the material of the tool’s cutting part, and machining accuracy.

When machining T-slots and dovetail grooves, machining schemes are used that
involve pre-machining a rectangular (U-shaped) groove, for example, with a disk
cutter, and then machining a shaped surface with a special T-slot or dovetail cutter.

Milling is also used to process threaded surfaces (Neshta et al. 2018). Typically,
threads are milled on specialized thread milling machines as well as on universal
millingmachines. This method is used both for preliminary thread cutting and subse-
quent machining on a lathe (for threads with a sufficiently large pitch of 2–12 mm)
and as the method for final thread shaping. The machine mills external and internal
cuts of triangular, rectangular, trapezoidal, and other profiles.

There are two significant methods of thread milling: disk milling and group
milling. A disk milling cutter is set at an angle α equal to the angle of a thread
helix. The cutting speed provides the cutter’s rotational movement. In addition, a
workpiece rotates at the rotary feed rate, and the workpiece’s and the cutter’s relative
axial movement (per workpiece revolution) is achieved by the value of the cutting
pitch. Disk milling can be used to machine long cuts.

Group milling is used for milling external and internal single- and multiple-start
threads. Milling is performed on special cutter milling machines. This machining
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Fig. 6.5 Surface treatment with milling cutters with replaceable cutting inserts: a—milling a
shoulder; b—milling a groove; c—milling a cavity (pocket) with a helical interpolation path;
d—milling a cavity (pocket) with an inclined penetration; e—penetrating milling; f—face milling

method requires the cutter width to be larger than the thread length. The workpiece
is machined per 11

4 of the workpiece revolution (1/4 revolution of the workpiece is
required for a cutter to plunge with the radial feed to the thread depth).

This method also allows tapered andmulti-start threads to bemade. Groupmilling
is a very productive machining method used in large-batch and mass manufacturing.
The thread accuracy is the 5–7th degree with a roughness of 0.63–3.2 µm according
to the Ra criterion.
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6.4 Grinding

Grinding is a technologicalmethod of surface treatment using a cutting tool—awheel
consisting of cutting elements in the form of abrasive or diamond grains. Planes are
ground on surface grinding machines with a rectangular or roundtable. Grinding is
performed both on the periphery and on the wheel face. Typical surface grinding
patterns are shown in Figs. 6.6 and 6.7.

In grinding, the cutting speed V is provided by a grinding wheel and is measured
in m/s, unlike in blade machining. On circular table machines, the table rotates
continuously, and workpieces are mounted and removed after machining as they pass
through the rotational plane in a certain section. These machines are very productive
and are used for large volumes of production.

When grindingwith thewheel periphery on rectangular tablemachines (Fig. 6.6a),
the tablemoves reciprocatingwith the longitudinal feedSl =20–60m/min.The cross-
feed Scr (mm) must be provided if the machined width exceeds the wheel width. The
cross-feed rate is calculated for one double table stroke. It is measured as a fraction
of the disk width B:

Scr = (0.2− 0.7) · B. (6.5)

Once the entire surface width has been ground, the plunge feed Sin is applied to
provide the depth of penetration. For disk grinding (Fig. 6.6b), disks with a diameter
larger than thewidth of aworkpiece are used. This eliminates preliminary feeding and
increases productivity. The feed rate depends on the grinding type (rough, semi-finish,
or other) and ranges from 0.015–0.04 mm.

The table’s reciprocatingmovement is ensured by themachine’s hydraulic system,
which automatically reverses the table using cams mounted on it, switching the

Fig. 6.6 Grinding flat surfaces on a rectangular table: a—peripheral grinding; b—side grinding
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Fig. 6.7 Grinding flat surfaces on a round table: a—peripheral grinding; b—side grinding

directional valve. On circular table machines (Fig. 6.7), the circular feed rate is
determined by the rotational speed of the table itself. It is set in the Sc = 20–60 m/
min range depending onmachining conditions. The cross-feed rate on thesemachines
ranges from:

Scr = (0.2− 0.6) · B. (6.6)

Surface grinding provides the 6–7th dimensional accuracy grades with a surface
roughness of 0.63–0.16µm according to the Ra criterion. Surface grinding machines
are equipped with magnetic plates (permanent magnets or electromagnets), allowing
for easy clamping of workpieces. If the material of a workpiece is not magnetic,
various devices are used to fix it. Grinding generates a considerable amount of heat,
which is why it is imperative to use coolant lubricants (Stepanov et al. 2021).

Whengrinding external cylindrical surfaces, there are twobasic grinding schemes:
longitudinal grinding (Fig. 6.8a) and cross-grinding (plunge grinding) (Fig. 6.8b).

Grinding is performed on cylindrical grinding machines (Stepanov et al. 2021).
The cutting speed V = 35–60 m/s is achieved by rotating a grinding wheel. A work-
piece is usually mounted in solid centers and rotates at the speed of 10–20 m/min.
When grinding with longitudinal feed, a table moves relative to the wheel with the
feed rate Sl, measured as a fraction of an abrasive disk width per revolution of a
workpiece:

Sl = k × Bw, (6.7)
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Fig. 6.8 Grinding external
cylindrical surfaces:
a—longitudinal grinding;
b—cross (infeed)-grinding

where

k a fractions number of a circle width (k = 0.2–0.7);
Вw a circle width, mm.

After the wheel has passed along the entire length of the surface Lp, the cross-feed
Scr is applied, which is the depth of cut. Then, the cycle of movements is repeated.
Depending on the machining stage (rough, semi-finish, etc.), the cross-feed rate Scr
ranges from 0.005 to 0.06 mm. At the end of machining, when the entire allowance
has been removed, two to three more passes are made along the surface without
cross-feed until sparking stops (sparking out). This technique improves accuracy by
removing shape errors caused by elastic deformations of the machining system.

Cross-feed grinding is performedwith abrasive disks that arewider than the length
of the surface to be machined. Machining is performed only with the cross-feed rate
of a wheel Scr, measured in mm/revolution of a workpiece. Its value is in the range
of 0.003–0.02 mm/rev.



6.4 Grinding 103

Fig. 6.9 External centerless
grinding

Plunge grinding can be performed with several disks simultaneously, allowing for
grinding shaped surfaces (if a disk with the appropriate shaped profile is available).
This type of grinding is widely used in large-batch and mass manufacturing (Syzyi
et al. 2020).

The accuracy of finish grinding of surfaces reaches the 6–7th class of quality with
a surface roughness of 0.2 µm according to the Ra criterion.

In addition to the methods described above, centerless grinding (Fig. 6.9) is used
for parts such as pins and smooth and stepped rollers, and it can also be performed
by passing and plunge grinding.

The following basic grinding schemes are used when grinding holes (Figs. 6.10
and 6.11). Holes are ground on internal grinding machines. The cutting speed of
V = 35–60 m/s is achieved by rotating a grinding wheel. When grinding holes of
small diameter (less than 10 mm), it is difficult to achieve such cutting speeds so
that they can be around 10 m/s. When grinding with longitudinal feed (Fig. 6.10a), a
workpiece is usually mounted in a chuck and rotates at 10–20m/min. The kinematics
of the process are similar to external grinding.

A wheeled grinding head moves relative to a workpiece at the feed rate Sl, which
is determined as a fraction of the width of the grinding wheel per revolution of the
workpiece. After the wheel has passed along the entire length of the surface Lp, the
feed rate Scr is applied, which is the depth of cut. Then, the cycle of movements is
repeated. Depending on the machining stage (roughing, semi-finish, etc.), the cross-
feed rate Scr ranges from 0.003 to 0.015 mm. At the end of machining, the tool is
sparked out.

Plunge grinding with the cross-feed is performed with grinding wheels that are
wider than the length of the surface to beprocessed.Machining is performedonlywith
the cross-feed of the wheel Scr , measured in mm/revolution of a workpiece. Its value
is within the range of 0.003–0.02 mm/rev. Plunge grinding allows for the grinding
of shaped surfaces (if a wheel with the appropriate shaped profile is available). This
type of grinding is widely used in large-batch and mass manufacturing. A planetary
grinding scheme (Fig. 6.10b) is used for large workpieces that cannot be rotated.
In this scheme, the grinding wheel is given additional rotational motion (planetary
motion) and its axis to produce a desired hole size.
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Fig. 6.10 Internal grinding:
a—longitudinal grinding;
b—planetary grinding

Fig. 6.11 Internal centerless
grinding

Centerless grinding (Fig. 6.11) involves the rotation of a loose workpiece. Since
the outer surface is also a process datum, prior precision grinding is required. This
method ensures the highest accuracy of the bushings’ bore-to-external surface align-
ment (up to 0.003 mm). The finish grinding accuracy reaches the 6–7th grade of
quality with a surface roughness of 0.32–1.6 µm according to the Ra criterion.



6.5 Gear Machining 105

6.5 Gear Machining

Modern machines use gears to transmit torque between parallel shafts and shafts
positioned at a certain angle. The most common types of gears are cylindrical, bevel,
and worm.

There are 12 degrees of accuracy for spur gear wheels. Each grade is specified
regarding kinetic accuracy, smoothness, tooth contact, and six combinations based on
the guaranteed backlash. Gear wheels of 6–8 degrees of accuracy are most common
in general engineering and machine building.

Gear teeth are machined on milling machines (for single and small-batch
manufacturing) and special gear-cutting machines.

Both blade machining (milling, slotting, shaving) and abrasive machining
(grinding, grinding in) are used for machining.

In gear machining, two fundamentally different methods are used—copying and
rolling. Thesemethods are characterized by different precision andmachining perfor-
mance. The first method involves machining with a tool with a gear cavity profile and
a subsequent rotation of a workpiece at a certain angle, depending on the number of
teeth. This method is used in repair production without special equipment, in manu-
facturing large gears, and for pre-cutting teeth for further precision machining. The
second method simulates the operation of a gear pair. In this case, one element in the
pair acts as a cutting tool, and the other is a workpiece.

Gear teeth milling is performed using either the copying or the rolling method.
The copying method can be implemented with involute disks and pencil cutters
(Fig. 6.12).

It enables the production of spur, chevron, and bevel gears. Modular disk cutters
are available in 8, 15, or 26 pieces. An 8-piece set is used forwheels with amodularity

Fig. 6.12 Gear milling by involute gear cutters: a—disk mill; b—pencil mill
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of up to 9mm. Each cutter can deliver the required precision whenmachining wheels
with a specific number of teeth. For example, cutterNo. 1 in the 8-piece set is designed
formachiningwheelswith a tooth count of 35 to 54.A certain cutting speed is ensured
by rotating a cutter and lies in the range of 25–40 m/min. Number of working strokes
depends on the wheel module (with m < 6 mm—in one working stroke, with m =
6–12 mm—in two, and with m > 12—in three). Pencil mill cutters are best suited
for wheels with a 10 to 50-mm module and for cutting chevron wheels without a
groove. Cutting with modular cutters requires using a dividing head or table to set up
a workpiece. This method ensures cutting wheels of the 9th-10th degree of accuracy
with a surface roughness of 6.3–12.5 µm according to the Ra criterion.

The rolling method uses worm cutters on hobbing machines (Fig. 6.13a).
The cutting speed V (m/min) is provided by rotating a cutter. In addition, the

machine movement ensures the workpiece rotation—Sc—and the cutter movement
Sl along the workpiece axis. This is done by setting up the change-gear units of the
machine (speed, feed, division, rolling, etc.).

Depending on the direction of the cutter’s helical flutes (right or left) and the
wheel type (spur, helical, right, or left), the cutter is set at a certain angle λ relative
to the workpiece axis (Fig. 6.13b). The formula determines this angle

Fig. 6.13 Gear milling by gear hob cutter
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λ = β ± ω, (6.8)

where

β inclination angle of cutting wheel teeth, deg.;
ω lifting angle of hob threads, deg.

A plus sign is used if the angles are different, and a minus sign if they are the
same.

Modular worm cutters are available in both high-speed steel and carbide inserts.
Gear milling allows achieving the 8th-10th degree of accuracy of wheels with a

surface roughness of 3.2–6.3 µm according to the Ra criterion.
Gear shaping is a process of cutting gears with hobs using the generating method

on gear shapingmachines (Hrytsay and Stupnytskyy 2023). The chisel rotates around
its axis and reciprocates along the axis of a workpiece. The workpiece, in turn, also
rotates (Fig. 6.14).

This method enables machining teeth on both spur and helical gears for external
and internal coupling and the small-toothed wheel rim in block gears. Gear shaping
accuracy is higher than the gear milling and allows achieving the 6–7th grade with a
surface roughness of 1.6–3.2µm according to the Ra criterion (Hrytsay and Stupnyt-
skyy 2021). Wheels with a module up to 2.5 mm are machined in one revolution of a
workpiece, and wheels with a larger module can be machined in several revolutions.
Wheel tooth shaping is used in medium-batch and large-batch manufacturing. Mass
manufacturing applies gear shaping by copying special multi-cutter heads equipped
with several cutters corresponding to the number of gear teeth.

Fig. 6.14 Gear shaping by gear shaper cutter: a—external gear shaping; b—internal gear shaping
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Gear shaving is a method of gear finishing without heat treatment. Gear shaving
is performed on special shaving machines. A shaver is a cutting tool for this method
and represents a gear with grooves cut on both sides of a tooth. These grooves
create cutting edges that remove fine chips from the workpiece tooth surfaces during
operation. This is achieved by positioning the workpiece and the shaver at a specific
angle, allowing them to rotate and move along an axis.

The cutting speed V (100–120 m/min) is ensured by rotating the milling cutter.
Their relative progressive movement—the feed rate S—is within 0.14–0.3 mm/
revolution of the workpiece. Shaving ensures achievement of the 6–7th degree of
wheel accuracy with a surface roughness of 0.63–1.25 µm according to the Ra

criterion.
Grinding is performed on gear grinding machines using both copying and orig-

inating methods. This machining method provides the 5–6th degree of accuracy
with the tooth surface roughness of 0.32–1.25 µm according to the Ra criterion.
The copying method involves a profile wheel designed to grind a single cavity in
several strokes along the tooth surface. The workpiece is then returned to the position
for the next tooth. The workpiece is sometimes rotated by more than one tooth to
increase accuracy. The generating method involves dish and ribbed grinding wheels.
Machines are equipped with special devices for wheel adjustment.

Grinding-in is widely used in large-batch and mass manufacturing to produce
heat-treated gears for critical gears. This method is based on grinding in a machined
wheel interlocking with a lap. The requirements for the material and preparation
for work with the lapping wheel (charging) are the same as those required for laps
to other surfaces. On average, it takes 2–4 min to grind in one wheel. This process
ensures the 5–6th degree of accuracy with the tooth surface roughness of 0.1–0.5µm
according to the Ra criterion.
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