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Preface

The origin of metrology can be traced to the Industrial Revolution, which began in Western
Europe and the United States in the beginning of the 19th century. This period saw a transition
from manual to mechanized production and the setting up of factories to manufacture iron
and textiles. There was a paradigm shift from artisan-oriented production methods to mass
production. An artisan produced an article the same way a storage shelf is built in a closet—
by trial and error till the parts fit. Mass production called for division of labour and precise
definition of production tasks. Tasks became specialized, requiring skilled people who worked
on only a portion of the job, but completed it quickly and efficiently. The workers’ wages were
determined by a ‘piece-rate’ system. They were only paid for the good parts; thus it became
necessary to define what a good part was. This led to the design of inspection gauges and the
need for an inspector who could decide whether a part was good or not. In 1913, Henry Ford,
an American idustrialist, perfected the assembly line system to produce cars. In order to ensure
quality as well as high production rates, new methods of inspection and quality control were
initiated, which perhaps formed the basis of modern metrology.

Engineering metrology deals with the applications of measurement science in manufacturing
processes. It provides a means of assessing the suitability of measuring instruments, their
calibration, and the quality control of manufactured components. A product that is not
manufactured according to metrological specifications will have to incur heavy costs to comply
with the specifications later. Any compromise in quality creates rapid negative sentiments in
the market and the cost of recovering the original market position would be quite high. Today,
metrological error has a far greater impact on cost than in the past. Hence, an organization should
strive towards a zero-defect regime in order to survive in a highly competitive market. Ensuring
this aspect of manufacturing is the responsibility of a quality control engineer, who must be
completely familiar with the basics of measurement, standards and systems of measurement,
tolerances, measuring instruments, and their limitations.

The science of mechanical measurements has its roots in physics. It is an independent
domain of knowledge dealing with the measurement of various physical quantities such as
pressure, temperature, force, and flow.

ABOUT THE BOOK

Engineering Metrology and Measurements is a core subject for mechanical, production, and
allied disciplines in all the major universities in India. Although there are a few good books
available on metrology, the coverage of topics on mechanical measurements is either scanty or
superficial, necessitating students to refer to different books on mechanical measurements. This
book provides a comprehensive coverage of both metrology and mechanical measurements.
Divided into three parts, the first part of the book comprising Chapters 1-11, begins with a
comprehensive outline of the field of engineering metrology and its importance in mechanical
engineering design and manufacturing. The basic concepts of engineering standards, limits,
fits, and tolerances, for ensuring interchangeability of machine components are then discussed.



Vi

PREFACE

This is followed by a discussion on metrology of linear and angular measurements. Later in
the book, comparators, followed by the metrology of gears, screw threads, and surface finish
metrology are discussed. The chapter on miscellaneous metrology talks about laser-based
instrumentation and coordinate measuring machines. The last chapter in this section features
inspection methods and quality control.

The second part of the book comprising Chapters 12—16 focuses on mechanical measurements.
The coverage is restricted to measurement techniques and systems that are complementary to
engineering metrology. The topics covered are the basics of transducers and the measurement
of force, torque, strain, temperature, and pressure.

The third part of the book comprising Chapter 17 details nanometrology techniques
and instrumentation. Nanotechnology has opened a new world of scientific research and
applications. India has also joined the bandwagon and today, we see a phenomenal investment
in the research and development of this discipline, both in the government and private sectors.
There is abundant scope for pursuing higher studies both in India and abroad. We hope this
section on nanometrology will further stimulate the curiosity of the students and motivate them
to take up higher studies in this new and interesting field.

The book is designed to meet the needs of undergraduate students of mechanical engineering
and allied disciplines. The contents of this book have been chosen after careful perusal of
the syllabi of the undergraduate (B.E./B.Tech) and diploma programmes in India. The topics
are explained lucidly and are supported by self-explanatory illustrations and sketches. The
following are a few key features of the book.

KEY FEATURES

* Covers both metrology and mechanical measurements in one volume

e Offers guidelines for the proper use and maintenance of important instruments, such as
vernier callipers, autocollimators, slip gauges, and pyrometers

 Provides simple solved examples, numerical exercises in all relevant chapters, theoretical
review questions, and multiple-choice questions with answers at the end of every chapter

e Introduces the principles of nanometrology, a topic that has emerged from the popular
discipline of nanotechnology, in an exclusive chapter, highlighting its applications in the
production processes

¢ Includes an appendix containing 20 laboratory experiments with comprehensive procedures,
observation templates, and model characteristics, with select experiments presenting
photographs of the actual instruments to gain a visual understanding of the equipment used

ONLINE RESOURCES

To aid the faculty and students using this book, the companion website of this book http://
oupinheonline.com/book/raghavendra-engineering-metrology-measurements/9780198085492
provides the following resources:

For instructors
* A solutions manual for the numerical exercises given in the book
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* A complete chapter-wise PowerPoint presentation to aid classroom teaching

For students
* Two sets of model question papers to test students’ understanding of the subject, thereby
preparing them for the end-semester examination.

CONTENTS AND COVERAGE

The book is divided into three parts: Engineering Metrology (Chapters 1-11), Mechanical
Measurements (Chapters 12—16), and Nano Impact on Metrology (Chapter 17). A chapter-wise
scheme of the book is presented here.

Chapter 1 deals with the basic principles of engineering metrology. It gives an overview of
the subject along with its importance. It also talks about general measurement, methods of
measurement, errors associated with any measurement, and the types of errors.

Chapter 2 sets the standards of measurement. These standards acts as a reference point for the
dimensional measurements.

Chapter 3 presents the limits, fits, and tolerances in design and manufacturing. An
understanding of these concepts helps in the interchangeability of manufactured components.

Chapter 4 discusses linear measurements that form one of the most important constituents of
metrology. The chapter throws light on surface plates and V-blocks, over which the measurand
is inspected. It discusses the scaled, vernier, and micrometer instruments in detail. The chapter
ends with a detailed explanation of slip gauges.

Chapter 5 elaborates on angular measurements. The fact that not all measurands can be
measured by linear methods stresses the significance of this topic. This chapter deals with
devices such as protractors, sine bars, angle gauges, spirit levels, and other optical instruments
used for angular measurements.

Chapter 6 aids in the comprehension of comparators. In several instances, a measurement may
be carried out on the basis of a comparison with the existing standards of measurements. This
chapter discusses the instruments that work on this common principle.

Chapter 7 explains optical measurements and interferometry. Optical measurement provides
a simple, accurate, and reliable means of carrying out inspection and measurements in the
industry. This chapter gives insights into some of the important instruments and techniques
that are widely used. Interferometers, which use laser as a source, are also discussed in detail.

Chapter 8 focuses on the metrological inspection of gears and screw threads. Gears are the
main elements in a transmission system. Misalignment and gear runout will result in vibrations,
chatter, noise, and loss of power. Therefore, one cannot understate the importance of precise
measurement and inspection techniques for gears. Similarly, the geometric aspects of screw
threads are quite complex and hence, thread gauging is an integral part of a unified thread
gauging system.
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Chapter 9 analyses the metrology of surface finish. Two apparently flat contacting surfaces
are assumed to be in perfect contact throughout the area of contact. However, in reality, there
are peaks and valleys between surface contacts. Since mechanical engineering is primarily
concerned with machines and moving parts that are designed to precisely fit with each other,
surface metrology has become an important topic in engineering metrology.

Chapter 10 comprises miscellaneous metrology, which details certain measurement principles
and techniques that cannot be classified under any of the aforementioned dimensional
measurements. Coordinate measuring machines (CMM), machine tool test alignment,
automated inspection, and machine vision form the core of this chapter.

Chapter 11 lays emphasis on inspection and quality control. Inspection is the scientific
examination of work parts to ensure adherence to dimensional accuracy, surface texture,
and other related attributes. This chapter encompasses the basic functions of inspection and
statistical quality control—total quality management (TQM) and six sigma—the customer-
centric approaches towards achieving high quality of products, processes, and delivery.

Chapter 12 helps in understanding mechanical measurements. Mechanical measurements are
(physical) quantity measurements unlike the dimensional measurements discussed in Chapters
1-11.

Chapter 13 explains the principle and working of transducers. Transducers are generally defined
as devices that transform physical quantities in the form of input signals into corresponding
electrical output signals. Since many of the measurement principles learnt in earlier chapters
require a transducer to transmit the obtained signal into an electrical form, the study of
transducers is inevitable.

Chapter 14 elucidates the physical quantities of measurement: force, torque, and strain.

Chapter 15 illustrates the concept of temperature measurements—the principles involved
in temperature measurement and devices such as resistance temperature detector (RTD),
thermocouple, liquid in glass thermometer, bimetallic strip thermometers, and pyrometers.

Chapter 16 defines yet another important physical quantity, pressure. It helps us in getting
acquainted with instruments such as manometers, elastic transducers, and vacuum and high
pressure measurement systems.

Chapter 17 helps us appreciate the applications of nanotechnology in metrology. It explains
the basic principles of nanotechnology and its application in the manufacturing of nanoscale
elements that are made to perfection.

Appendix A introduces the universal measuring machine.

Appendix B simplifies the theory of flow measurement. Although a broader subset of mechanical
measurements, flow measurement is an independent field of study. Students are introduced to
this field in a typical course on fluid mechanics. Here we have tried to present only the basics
of flow measurement with a synopsis of measurement devices such as the orifice meter, venturi
meter, pitot tube, and rotameter.
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Appendix C comprises 20 laboratory experiments with photographs of some of the equipment
used in measurement. The appendix also provides a step-by-step procedure to conduct the
experiments and an observation of results.

Appendix D presents the control chart associated with statistical quality control. These values
help understand certain problems discussed in Chapter 11.
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CHAPTER Basic Principles of
Engineering Metrology

After studying this chapter, the reader will be able to

* understand the importance of metrology

* appreciate the significance of inspection

* appreciate the concepts of accuracy and precision

e explain the objectives of metrology and measurements
* understand the general measurement concepts

* elucidate the different sources and types of errors

e compare the different types of measurements

1.1 INTRODUCTION

The importance of metrology as a scientific discipline gained momentum during the industrial
revolution. Continuing technological advancement further necessitated refinement in this
segment. Metrology is practised almost every day, often unknowingly, in our day-to-day tasks.
Measurement is closely associated with all the activities pertaining to scientific, industrial,
commercial, and human aspects. Its role is ever increasing and encompasses different fields such
as communications, energy, medical sciences, food sciences, environment, trade, transportation,
and military applications. Metrology concerns itself with the study of measurements. It is of
utmost importance to measure different types of parameters or physical variables and quantify
each of them with a specific unit. Thus, measurement is an act of assigning an accurate and
precise value to a physical variable. The physical variable then gets transformed into a measured
variable. Meaningful measurements require common measurement standards and must be
performed using them. The common methods of measurement are based on the development of
international specification standards. These provide appropriate definitions of parameters and
protocols that enable standard measurements to be made and also establish a common basis for
comparing measured values. In addition, metrology is also concerned with the reproduction,
conservation, and transfer of units of measurements and their standards. Measurements provide
a basis for judgements about process information, quality assurance, and process control.
Design is one of the major aspects of all branches of engineering. A product/system comprising
several elements has to be properly designed to perform the required (desired) function. In
order to test whether functioning of the elements constituting the product/system meets the
design expectation, and to finally assess the functioning of the whole system, measurements
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are inevitable. Another associated aspect is to provide proper operation and maintenance of
such a product/system. Measurement is a significant source for acquiring very important and
necessary data about both these aspects of engineering, without which the function or analysis
cannot be performed properly.

Hence, measurements are required for assessing the performance of a product/system,
performing analysis to ascertain the response to a specific input function, studying some
fundamental principle or law of nature, etc. Measurements contribute to a great extent to the
design of a product or process to be operated with maximum efficiency at minimum cost and
with desired maintainability and reliability.

Metrology helps extract high-quality information regarding the completion of products, working
condition, and status of processes in an operational and industrial environment. A high product
quality along with effectiveness and productivity is a must, in order to survive economically in
this competitive global market. The task of attaining workpiece accuracy in modern industrial
production techniques has gained much significance through constantly increasing demands
on the quality of the parts produced. In order to achieve high product quality, metrology has
to be firmly integrated into the production activity. Hence, metrology forms an inseparable key
element in the process of manufacturing. This needs focus on the additional expense caused
throughout the whole manufacturing process, due to worldwide competition. The quality of the
products influences various production attributes such as continuity, production volume and costs,
productivity, reliability, and efficiency of these products with respect to their application or their
consumption in a diverse manner. Thus, it is desirable to use the resources in an optimal manner
and strive to achieve cost reduction in manufacturing.

1.2 METROLOGY

Metrology literally means science of measurements. In practical applications, it is the
enforcement, verification, and validation of predefined standards. Although metrology, for
engineering purposes, is constrained to measurements of length, angles, and other quantities
that are expressed in linear and angular terms, in a broader sense, it is also concerned with
industrial inspection and its various techniques. Metrology also deals with establishing the units
of measurements and their reproduction in the form of standards, ascertaining the uniformity
of measurements, developing methods of measurement, analysing the accuracy of methods
of measurement, establishing uncertainty of measurement, and investigating the causes of
measuring errors and subsequently eliminating them.

The word metrology is derived from the Greek word ‘metrologia’, which means measure.
Metrology has existed in some form or other since ancient times. In the earliest forms of
metrology, standards used were either arbitrary or subjective, which were set up by regional or
local authorities, often based on practical measures like the length of an arm.

It is pertinent to mention here the classic statement made by Lord Kelvin (1824—-1907), an
eminent scientist, highlighting the importance of metrology: ‘When you can measure what
you are speaking about and express it in numbers, you know something about it; but when you
cannot measure it, when you cannot express it in numbers, your knowledge of it is of a meagre
and unsatisfactory kind. It may be the beginning of knowledge, but you have scarcely in your
thought advanced to the stage of science.’
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Another scientist Galileo (1564-1642) has clearly formulated the comprehensive goal of
metrology with the following statement: ‘Measure everything that is measurable and make
measurable what is not so.’

Metrology is an indispensable part of the modern day infrastructure. In fact, it plays an
important role in our lives, either directly or indirectly, in various ways. In this competitive
world, economic success of most of the manufacturing industries critically depends on the
quality and reliability of the products manufactured—requirements in which measurement
plays a key role. It has become increasingly essential to conform to the written standards and
specifications and mutual recognition of measurements and tests, to trade in national and
international markets. This can be achieved by the proper application of measurement methods
that enhance the quality of products and the productive power of plants.

Metrology not only deals with the establishment, reproduction, protection, maintenance, and
transfer or conversion of units of measurements and their standards, but is also concerned with
the correctness of measurement. In addition to encompassing different industrial sectors, it also
plays a vital role in establishing standards in different fields that affect human beings, such as
health sciences, safety, and environment. Hence, one of the major functions of metrology is to
establish international standards for measurements used by all the countries in the world in both
science and industry.

Modern manufacturing technology is based on precise reliable dimensional measurements.
The term ‘legal metrology’ applies to any application of metrology that is subjected to national
laws or regulations. There will be mandatory and legal bindings on the units and methods of
measurements and measuring instruments. The scope of legal metrology may vary considerably
from one country to another. The main objective is to maintain uniformity of measurement
in a particular country. Legal metrology ensures the conservation of national standards and
guarantees their accuracy in comparison with the international standards, thereby imparting
proper accuracy to the secondary standards of the country. Some of the applications of legal
metrology are industrial measurement, commercial transactions, and public health and human
safety aspects.

A group of techniques employed for measuring small variations that are of a continuous nature
is termed as ‘dynamic metrology’. These techniques find application in recording continuous
measurements over a surface and have obvious advantages over individual measurements of a
distinctive character.

The metrology in which part measurement is substituted by process measurement is known
as ‘deterministic metrology’. An example of deterministic metrology is a new technique known
as 3D error compensation by computer numerical control (CNC) systems and expert systems,
leading to fully adaptive control. This technology is adopted in high-precision manufacturing
machinery and control systems to accomplish micro and nanotechnology accuracies.

1.3 NEED FOR INSPECTION

Industrial inspection has acquired significance in recent times and has a systematic and
scientific approach. Prior to the industrial revolution, craftsmen used to assemble the different
parts by hand and, in the process, consumed a lot of time. They were entirely responsible
for the quality of their products. Inspection was an integral function of production. Since the
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industrial revolution, many new manufacturing techniques have been developed to facilitate

mass production of components.

In modern manufacturing techniques, a product has to be disintegrated into different
components. Manufacture of each of these components is then treated as an independent process.

EW. Taylor, who has been acknowledged as the father of scientific management of
manufacturing industry, created the modern philosophy of production and also the philosophy
of production metrology and inspection. He decomposed a job into multiple tasks, thereby
isolating the tasks involved in inspection from the production tasks. This culminated in the
creation of a separate quality assurance department in manufacturing industries, which is
assigned the task of inspection and quality control.

Inspection is defined as a procedure in which a part or product characteristic, such as a
dimension, is examined to determine whether it conforms to the design specification. Basically,
inspection is carried out to isolate and evaluate a specific design or quality attribute of a
component or product. Industrial inspection assumed importance because of mass production,
which involved interchangeability of parts. The various components that come from different
locations or industries are then assembled at another place. This necessitates that parts must
be so assembled that satisfactory mating of any pair chosen at random is possible. In order
to achieve this, dimensions of the components must be well within the permissible limits to
obtain the required assemblies with a predetermined fit. Measurement is an integral part of
inspection. Many inspection methods rely on measurement techniques, that is, measuring the
actual dimension of a part, while others employ the gauging method. The gauging method
does not provide any information about the actual value of the characteristic but is faster when
compared to the measurement technique. It determines only whether a particular dimension
of interest is well within the permissible limits or not. If the part is found to be within the
permissible limits, it is accepted; otherwise it is rejected. The gauging method determines the
dimensional accuracy of a feature, without making any reference to its actual size, which saves
time. In inspection, the part either passes or fails. Thus, industrial inspection has become a very
important aspect of quality control.

Inspection essentially encompasses the following:

1. Ascertain that the part, material, or component conforms to the established or desired stan-
dard.

2. Accomplish interchangeability of manufacture.

3. Sustain customer goodwill by ensuring that no defective product reaches the customers.

4. Provide the means of finding out inadequacies in manufacture. The results of inspection are
recorded and reported to the manufacturing department for further action to ensure produc-
tion of acceptable parts and reduction in scrap.

5. Purchase good-quality raw materials, tools, and equipment that govern the quality of the
finished products.

6. Coordinate the functions of quality control, production, purchasing, and other departments
of the organizations.

7. Take the decision to perform rework on defective parts, that is, to assess the possibility of
making some of these parts acceptable after minor repairs.

8. Promote the spirit of competition, which leads to the manufacture of quality products in bulk
by eliminating bottlenecks and adopting better production techniques.
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1.4 ACCURACY AND PRECISION

We know that accuracy of measurement is very important for manufacturing a quality product.
Accuracy is the degree of agreement of the measured dimension with its true magnitude. It
can also be defined as the maximum amount by which the result differs from the true value or
as the nearness of the measured value to its true value, often expressed as a percentage. True
value may be defined as the mean of the infinite number of measured values when the average
deviation due to the various contributing factors tends to zero. In practice, realization of the
true value is not possible due to uncertainties of the measuring process and hence cannot be
determined experimentally. Positive and negative deviations from the true value are not equal
and will not cancel each other. One would never know whether the quantity being measured is
the true value of the quantity or not.

Precision is the degree of repetitiveness of the measuring process. It is the degree of
agreement of the repeated measurements of a quantity made by using the same method, under
similar conditions. In other words, precision is the repeatability of the measuring process. The
ability of the measuring instrument to repeat the same results during the act of measurements
for the same quantity is known as repeatability. Repeatability is random in nature and, by
itself, does not assure accuracy, though it is a desirable characteristic. Precision refers to the
consistent reproducibility of a measurement. Reproducibility is normally specified in terms of a
scale reading over a given period of time. If an instrument is not precise, it would give different
results for the same dimension for repeated readings. In most measurements, precision assumes
more significance than accuracy. It is important to note that the scale used for the measurement
must be appropriate and conform to an internationally accepted standard.

It is essential to know the difference between precision and accuracy. Accuracy gives
information regarding how far the measured value is with respect to the true value, whereas
precision indicates quality of measurement, without giving any assurance that the measurement
is correct. These concepts are directly related to random and systematic measurement errors.

Figure 1.1 also clearly depicts the difference between precision and accuracy, wherein
several measurements are made on a component using different types of instruments and the
results plotted.

It can clearly be seen from Fig. 1.1 that precision is not a single measurement but is associated
with a process or set of measurements. Normally, in any set of measurements performed by the
same instrument on the same component, individual measurements are distributed around the
mean value and precision is the agreement of these values with each other. The difference

b e

(@) (b) ) (d)
Fig. 1.1 Accuracy and precision (a) Precise but not accurate (b) Accurate but not precise (c) Precise
and accurate (d) Not precise and not accurate
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between the true value and the mean value of the set of readings on the same component is
termed as an error. Error can also be defined as the difference between the indicated value and
the true value of the quantity measured.

E=V -V
m t
where E is the error, I’ the measured value, and Vt the true value.

The value of E is also known as the absolute error. For example, when the weight being
measured is of the order of 1kg, an error of +2 g can be neglected, but the same error of +2 ¢
becomes very significant while measuring a weight of 10g. Thus, it can be mentioned here
that for the same value of error, its distribution becomes significant when the quantity being
measured is small. Hence, % error is sometimes known as relative error. Relative error is
expressed as the ratio of the error to the true value of the quantity to be measured. Accuracy of
an instrument can also be expressed as % error. If an instrument measures Vm instead of Vl, then,

% error = _ Error x 100

True value

V -V
Or % error = 11—t x 100
t

Accuracy of an instrument is always assessed in terms of error. The instrument is more
accurate if the magnitude of error is low. It is essential to evaluate the magnitude of error by
other means as the true value of the quantity being measured is seldom known, because of the
uncertainty associated with the measuring process. In order to estimate the uncertainty of the
measuring process, one needs to consider the systematic and constant errors along with other
factors that contribute to the uncertainty due to scatter of results about the mean. Consequently,
when precision is an important criterion, mating components are manufactured in a single plant
and measurements are obtained with the same standards and internal measuring precision,
to accomplish interchangeability of manufacture. If mating components are manufactured at
different plants and assembled elsewhere, the accuracy of the measurement of two plants with
true standard value becomes significant.

In order to maintain the quality of manufactured components, accuracy of measurement is
an important characteristic. Therefore, it becomes essential to know the different factors that
affect accuracy. Sense factor affects accuracy of measurement, be it the sense of feel or sight. In
instruments having a scale and a pointer, the accuracy of measurement depends upon the threshold
effect, that is, the pointer is either just moving or just not moving. Since accuracy of measurement
is always associated with some error, it is essential to design the measuring equipment and
methods used for measurement in such a way that the error of measurement is minimized.

Two terms are associated with accuracy, especially when one strives for higher accuracy in
measuring equipment: sensitivity and consistency. The ratio of the change of instrument indication
to the change of quantity being measured is termed as sensitivity. In other words, it is the ability of
the measuring equipment to detect small variations in the quantity being measured. When efforts
are made to incorporate higher accuracy in measuring equipment, its sensitivity increases. The
permitted degree of sensitivity determines the accuracy of the instrument. An instrument cannot
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be more accurate than the permitted degree of sensitivity. It is very pertinent to mention here that
unnecessary use of a more sensitive instrument for measurement than required is a disadvantage.
When successive readings of the measured quantity obtained from the measuring instrument are
same all the time, the equipment is said to be consistent. A highly accurate instrument possesses
both sensitivity and consistency. A highly sensitive instrument need not be consistent, and the
degree of consistency determines the accuracy of the instrument. An instrument that is both
consistent and sensitive need not be accurate, because its scale may have been calibrated with a
wrong standard. Errors of measurement will be constant in such instruments, which can be taken
care of by calibration. It is also important to note that as the magnification increases, the range
of measurement decreases and, at the same time, sensitivity increases. Temperature variations
affect an instrument and more skill is required to handle it. Range is defined as the difference
between the lower and higher values that an instrument is able to measure. If an instrument has
a scale reading of 0.01-100 mm, then the range of the instrument is 0.01-100 mm, that is, the
difference between the maximum and the minimum value.

1.4.1 Accuracy and Cost

It can be observed from Fig. 1.2 that as the
requirement of accuracy increases, the cost
increases exponentially. If the tolerance of a
component is to be measured, then the accuracy
requirement will normally be 10% of the tolerance
values. Demanding high accuracy unless it is
absolutely required is not viable, as it increases
the cost of the measuring equipment and hence
the inspection cost. In addition, it makes the
measuring equipment unreliable, because,
as discussed in Section 1.4, higher accuracy
increases sensitivity. Therefore, in practice, while
designing the measuring equipment, the desired/

\J

required accuracy to cost considerations depends
on the quality and reliability of the component/
Fig. 1.2 Relationship of accuracy with cost product and inspection cost.

Max Accuracy Min

1.5 OBJECTIVES OF METROLOGY AND MEASUREMENTS

From the preceding discussions, we know that accuracy of measurement is very important
for the production of a quality product, and hence it is imperative to mention here that the
basic objective of any measurement system is to provide the required accuracy at minimum
cost. In addition, metrology is an integral part of modern engineering industry consisting of
various departments, namely design, manufacturing, assembly, research and development, and
engineering departments. The objectives of metrology and measurements include the following:
1. To ascertain that the newly developed components are comprehensively evaluated and
designed within the process, and that facilities possessing measuring capabilities are
available in the plant
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2. To ensure uniformity of measurements
To carry out process capability studies to achieve better component tolerances
4. To assess the adequacy of measuring instrument capabilities to carry out their respective
measurements
5. To ensure cost-effective inspection and optimal use of available facilities
6. To adopt quality control techniques to minimize scrap rate and rework
7. To establish inspection procedures from the design stage itself, so that the measuring meth-
ods are standardized
8. To calibrate measuring instruments regularly in order to maintain accuracy in measurement
9. To resolve the measurement problems that might arise in the shop floor
10. To design gauges and special fixtures required to carry out inspection
11. To investigate and eliminate different sources of measuring errors

bt

1.6 GENERAL MEASUREMENT CONCEPTS

We know that the primary objective of measurement in industrial inspection is to determine the
quality of the component manufactured. Different quality requirements, such as permissible
tolerance limits, form, surface finish, size, and flatness, have to be considered to check the

conformity of the component to the quality

Reference specifications. In order to realize this,
l quantitative information of a physical object
or process has to be acquired by comparison
Measurand ——>| Comparator | ——> Meas‘}red with a reference. The three basic elements
quantity . .
of measurements (schematically shown in
Fig. 1.3 Elements of measurement Fig. 1.3), which are of significance, are the
following:

1. Measurand, a physical quantity such as length, weight, and angle to be measured

2. Comparator, to compare the measurand (physical quantity) with a known standard (refer-
ence) for evaluation

3. Reference, the physical quantity or property to which quantitative comparisons are to be
made, which is internationally accepted

All these three elements would be considered to explain the direct measurement using
a calibrated fixed reference. In order to determine the length (a physical quantity called
measurand) of the component, measurement is carried out by comparing it with a steel scale (a
known standard).

1.6.1 Calibration of Measuring Instruments

It is essential that the equipment/instrument used to measure a given physical quantity
is validated. The process of validation of the measurements to ascertain whether the given
physical quantity conforms to the original/national standard of measurement is known as
traceability of the standard. One of the principal objectives of metrology and measurements
is to analyse the uncertainty of individual measurements, the efforts made to validate each
measurement with a given equipment/instrument, and the data obtained from it. It is essential
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that traceability (which is often performed by a calibration laboratory having conformity with
a proven quality system with such standards) should disseminate to the consumers. Calibration
is a means of achieving traceability. One of the essential aspects of metrology is that the
results of measurements obtained should be meaningful. To accomplish this, calibration of any
measuring system/instrument is very essential. Calibration is the procedure used to establish a
relationship between the values of the quantities indicated by the measuring instrument and the
corresponding values realized by standards under specified conditions. It refers to the process of
establishing the characteristic relationship between the values of the physical quantity applied
to the instrument and the corresponding positions of the index, or creating a chart of quantities
being measured versus readings of the instrument. If the instrument has an arbitrary scale, the
indication has to be multiplied by a factor to obtain the nominal value of the quantity measured,
which is referred to as scale factor. If the values of the variable involved remain constant (not
time dependent) while calibrating a given instrument, this type of calibration is known as static
calibration, whereas if the value is time dependent or time-based information is required, it is
called dynamic calibration. The relationship between an input of known dynamic behaviour
and the measurement system output is determined by dynamic calibration.

The main objective of all calibration activities is to ensure that the measuring instrument will
function to realize its accuracy objectives. General calibration requirements of the measuring
systems are as follows: (a) accepting calibration of the new system, (b) ensuring traceability of
standards for the unit of measurement under consideration, and (c) carrying out calibration of
measurement periodically, depending on the usage or when it is used after storage.

Calibration is achieved by comparing the measuring instrument with the following: (a) a
primary standard, (b) a known source of input, and (c) a secondary standard that possesses a
higher accuracy than the instrument to be calibrated. During calibration, the dimensions and
tolerances of the gauge or accuracy of the measuring instrument is checked by comparing it
with a standard instrument or gauge of known accuracy. If deviations are detected, suitable
adjustments are made in the instrument to ensure an acceptable level of accuracy. The limiting
factor of the calibration process is repeatability, because it is the only characteristic error
that cannot be calibrated out of the measuring system and hence the overall measurement
accuracy is curtailed. Thus, repeatability could also be termed as the minimum uncertainty
that exists between a measurand and a standard. Conditions that exist during calibration of
the instrument should be similar to the conditions under which actual measurements are
made. The standard that is used for calibration purpose should normally be one order of
magnitude more accurate than the instrument to be calibrated. When it is intended to achieve
greater accuracy, it becomes imperative to know all the sources of errors so that they can be
evaluated and controlled.

1.7 ERRORS IN MEASUREMENTS

While performing physical measurements, it is important to note that the measurements
obtained are not completely accurate, as they are associated with uncertainty. Thus, in order to
analyse the measurement data, we need to understand the nature of errors associated with the
measurements.

Therefore, it is imperative to investigate the causes or sources of these errors in measurement
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systems and find out ways for their subsequent elimination. Two broad categories of errors in
measurement have been identified: systematic and random errors.

1.7.1 Systematic or Controllable Errors

A systematic error is a type of error that deviates by a fixed amount from the true value of
measurement. These types of errors are controllable in both their magnitude and their direction,
and can be assessed and minimized if efforts are made to analyse them. In order to assess them,
it is important to know all the sources of such errors, and if their algebraic sum is significant
with respect to the manufacturing tolerance, necessary allowance should be provided to the
measured size of the workpiece. Examples of such errors include measurement of length using
a metre scale, measurement of current with inaccurately calibrated ammeters, etc. When the
systematic errors obtained are minimum, the measurement is said to be extremely accurate. It is
difficult to identify systematic errors, and statistical analysis cannot be performed. In addition,
systematic errors cannot be eliminated by taking a large number of readings and then averaging
them out. These errors are reproducible inaccuracies that are consistently in the same direction.
Minimization of systematic errors increases the accuracy of measurement. The following are
the reasons for their occurrence:

1. Calibration errors

2. Ambient conditions

3. Deformation of workpiece

4. Avoidable errors

Calibration Errors

A small amount of variation from the nominal value will be present in the actual length standards,
as in slip gauges and engraved scales. Inertia of the instrument and its hysteresis effects do
not allow the instrument to translate with true fidelity. Hysteresis is defined as the difference
between the indications of the measuring instrument when the value of the quantity is measured
in both the ascending and descending orders. These variations have positive significance for
higher-order accuracy achievement. Calibration curves are used to minimize such variations.
Inadequate amplification of the instrument also affects the accuracy.

Ambient Conditions

It is essential to maintain the ambient conditions at internationally accepted values of standard
temperature (20°C) and pressure (760 mmHg) conditions. A small difference of 10mmHg
can cause errors in the measured size of the component. The most significant ambient
condition affecting the accuracy of measurement is temperature. An increase in temperature
of 1°C results in an increase in the length of C25 steel by 0.3 um, and this is substantial when
precision measurement is required. In order to obtain error-free results, a correction factor
for temperature has to be provided. Therefore, in case of measurements using strain gauges,
temperature compensation is provided to obtain accurate results. Relative humidity, thermal
gradients, vibrations, and CO, content of the air affect the refractive index of the atmosphere.
Thermal expansion occurs due to heat radiation from different sources such as lights, sunlight,
and body temperature of operators.
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Deformation of Workpiece

Stylus Any elastic body, when subjected

Deformation of to a load, undergoes elastic defor-

workpiece mation. The stylus pressure ap-

, —>_ ____ ] X Combined plied during measurement affects
Deformation of —>_ N deformation

stylus Workpiece the accuracy .of measurement.

Due to a definite stylus pressure,

elastic deformation of the work-
piece and deflection of the work-
piece shape may occur, as shown
in Fig. 1.4. The magnitude of deformation depends on the applied load, area of contact, and
mechanical properties of the material of the given workpiece. Therefore, during comparative
measurement, one has to ensure that the applied measuring loads are same.

Fig. 1.4 Elastic deformation due to stylus pressure

Avoidable Errors

These include the following:

Datum errors Datum error is the difference between the true value of the quantity being
measured and the indicated value, with due regard to the sign of each. When the instrument
is used under specified conditions and a physical quantity is presented to it for the purpose of
verifying the setting, the indication error is referred to as the datum error.

Reading errors These errors occur due to the mistakes committed by the observer while
noting down the values of the quantity being measured. Digital readout devices, which are
increasingly being used for display purposes, eliminate or minimize most of the reading errors
usually made by the observer.

Errors due to parallax effect Parallax errors occur when the sight is not perpendicular to the
instrument scale or the observer reads the instrument from an angle. Instruments having a scale
and a pointer are normally associated with this type of error. The presence of a mirror behind
the pointer or indicator virtually eliminates the occurrence of this type of error.

Effect of misalignment These occur due to the inherent inaccuracies present in the measu-
ring instruments. These errors may also be due to improper use, handling, or selection of the
instrument. Wear on the micrometer anvils or anvil faces not being perpendicular to the axis
results in misalignment, leading to inaccurate measurements. If the alignment is not proper,
sometimes sine and cosine errors also contribute to the inaccuracies of the measurement.

Zero errors  When no measurement is being carried out, the reading on the scale of the
instrument should be zero. A zero error is defined as that value when the initial value of a
physical quantity indicated by the measuring instrument is a non-zero value when it should
have actually been zero. For example, a voltmeter might read 1V even when it is not under
any electromagnetic influence. This voltmeter indicates 1V more than the true value for all
subsequent measurements made. This error is constant for all the values measured using the
same instrument. A constant error affects all measurements in a measuring process by the same
amount or by an amount proportional to the magnitude of the quantity being measured. For
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example, in a planimeter, which is used to measure irregular areas, a constant error might occur
because of an error in the scale used in the construction of standard or, sometimes, when an
incorrect conversion factor is used in conversion between the units embodied by the scale and
those in which the results of the measurements are expressed.

Therefore, in order to find out and eliminate any systematic error, it is required to calibrate
the measuring instrument before conducting an experiment. Calibration reveals the presence of
any systematic error in the measuring instrument.

1.7.2 Random Errors

Random errors provide a measure of random deviations when measurements of a physical
quantity are carried out repeatedly. When a series of repeated measurements are made on a
component under similar conditions, the values or results of measurements vary. Specific
causes for these variations cannot be determined, since these variations are unpredictable and
uncontrollable by the experimenter and are random in nature. They are of variable magnitude
and may be either positive or negative. When these repeated measurements are plotted, they
follow a normal or Gaussian distribution. Random errors can be statistically evaluated, and
their mean value and standard deviation can be determined. These errors scatter around a mean

value. If » measurements are made using an instrument, denoted by Vis Vs Vs s V, then
arithmetic mean is given as
o Vv v v,
V=
n

Standard deviation is a measure of dispersion of a set of readings. It can be determined by
taking the root mean square deviation of the readings from their observed numbers, which is
given by the following equation:

|2 (V1 —‘_’)2 +(v2 —\_/)2 +"'+(Vn _;)2

n

o =

Random errors can be minimized by calculating the average of a large number of observations.
Since precision is closely associated with the repeatability of the measuring process, a precise
instrument will have very few random errors and better repeatability. Hence, random errors
limit the precision of the instrument. The following are the likely sources of random errors:

. Presence of transient fluctuations in friction in the measuring instrument

. Play in the linkages of the measuring instruments

. Error in operator’s judgement in reading the fractional part of engraved scale divisions

. Operator’s inability to note the readings because of fluctuations during measurement

. Positional errors associated with the measured object and standard, arising due to small
variations in setting

[, I NS I N
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Figure 1.5 clearly depicts the relationship between systematic and random errors with respect
to the measured value. The measure of a system’s accuracy is altered by both systematic and
random errors. Table 1.1 gives the differences between systematic and random errors.

Mean True
A value value

Random
error

Y

Trial

number Systematic

error

Y

Measured value

Fig. 1.5 Relationship between systematic and random errors with measured value

Table 1.1 Differences between systematic and random errors

Systematic error Random error

Not easy to detect Easy to detect

Cannot be eliminated by repeated measurements Can be minimized by repeated measurements
Can be assessed easily Statistical analysis required

Minimization of systematic errors increases the ~ Minimization of random errors increases repeatability and

accuracy of measurement hence precision of the measurement
Calibration helps reduce systematic errors Calibration has no effect on random errors
Characterization not necessary Characterized by mean, standard deviation, and variance

Reproducible inaccuracies that are consistently in ~ Random in nature and can be both positive and negative
the same direction

1.8 METHODS OF MEASUREMENT

When precision measurements are made to determine the values of a physical variable, different
methods of measurements are employed. Measurements are performed to determine the
magnitude of the value and the unit of the quantity under consideration. For instance, the length
of a rod is 3m, where the number, 3, indicates the magnitude and the unit of measurement
is metre. The choice of the method of measurement depends on the required accuracy and
the amount of permissible error. Irrespective of the method used, the primary objective is to
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minimize the uncertainty associated with measurement. The common methods employed for
making measurements are as follows:

Direct method In this method, the quantity to be measured is directly compared with the
primary or secondary standard. Scales, vernier callipers, micrometers, bevel protractors, etc.,
are used in the direct method. This method is widely employed in the production field. In the
direct method, a very slight difference exists between the actual and the measured values of the
quantity. This difference occurs because of the limitation of the human being performing the
measurement.

Indirect method In this method, the value of a quantity is obtained by measuring other
quantities that are functionally related to the required value. Measurement of the quantity is
carried out directly and then the value is determined by using a mathematical relationship.
Some examples of indirect measurement are angle measurement using sine bar, measurement
of strain induced in a bar due to the applied force, determination of effective diameter of a
screw thread, etc.

Fundamental or absolute method In this case, the measurement is based on the
measurements of base quantities used to define the quantity. The quantity under consideration
is directly measured, and is then linked with the definition of that quantity.

Comparative method In this method, as the name suggests, the quantity to be measured is
compared with the known value of the same quantity or any other quantity practically related
to it. The quantity is compared with the master gauge and only the deviations from the master
gauge are recorded after comparison. The most common examples are comparators, dial
indicators, etc.

Transposition method This method involves making the measurement by direct comparison,
wherein the quantity to be measured (V) is initially balanced by a known value (X) of the same
quantity; next, X is replaced by the quantity to be measured and balanced again by another
known value (7). If the quantity to be measured is equal to both X and Y, then it is equal to

v =Jxy

An example of this method is the determination of mass by balancing methods and known
weights.

Coincidence method This is a differential method of measurement wherein a very minute
difference between the quantity to be measured and the reference is determined by careful
observation of the coincidence of certain lines and signals. Measurements on vernier calliper
and micrometer are examples of this method.

Deflection method This method involves the indication of the value of the quantity to be
measured directly by deflection of a pointer on a calibrated scale. Pressure measurement is an
example of this method.

Complementary method The value of the quantity to be measured is combined with a known
value of the same quantity. The combination is so adjusted that the sum of these two values is
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equal to the predetermined comparison value. An example of this method is determination of
the volume of a solid by liquid displacement.

Null measurement method In this method, the difference between the value of the quantity
to be measured and the known value of the same quantity with which comparison is to be made
is brought to zero.

Substitution method It is a direct comparison method. This method involves the replacement
of the value of the quantity to be measured with a known value of the same quantity, so selected
that the effects produced in the indicating device by these two values are the same. The Borda
method of determining mass is an example of this method.

Contact method In this method, the surface to be measured is touched by the sensor or
measuring tip of the instrument. Care needs to be taken to provide constant contact pressure
in order to avoid errors due to excess constant pressure. Examples of this method include
measurements using micrometer, vernier calliper, and dial indicator.

Contactless method As the name indicates, there is no direct contact with the surface to
be measured. Examples of this method include the use of optical instruments, tool maker’s
microscope, and profile projector.

Composite method The actual contour of a component to be checked is compared with its
maximum and minimum tolerance limits. Cumulative errors of the interconnected elements
of the component, which are controlled through a combined tolerance, can be checked by
this method. This method is very reliable to ensure interchangeability and is usually effected
through the use of composite GO gauges. The use of a GO screw plug gauge to check the thread
of a nut is an example of this method.

A QUICK OVERVIEW

* The importance and necessity of metrology have
greatly increased with the industrial revolution,
which emphasizes the importance of metrology
in industries.

Inspection is defined as a procedure in which
a part or product characteristic, for example a
dimension, is examined to determine whether it
conforms to the design specification. Basically,
inspection is carried out to isolate and evaluate a
specific design or to measure the quality attribute
of a component or product.

We know that accuracy of measurement is very
important in order to manufacture a quality
product. Accuracy is the degree of agreement of

the measured dimension with its true magnitude.
It can also be defined as the maximum amount
by which the result differs from true value.

* Precision is the degree of repetitiveness of the
measuring process. It is the degree of agreement
of the repeated measurements of a quantity
made by using the same method, under similar
conditions.

* The ability of the measuring instrument to repeat
the same results during the act of measurements
for the same quantity is known as repeatability.

e The difference between the true value and the
mean value of the set of readings on the same
component is termed as an error. Error can also
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be defined as the difference between the indicated
value and the true value of the quantity measured.
The ratio of the change of instrument indication
to the change of quantity being measured is
termed as sensitivity. When successive readings
of the measured quantity obtained from the
measuring instrument are the same all the time,
the equipment is said to be consistent.

Range is defined as the difference between the
lower and higher values that an instrument is
able to measure.

The process of validation of the measurements
to ascertain whether the given physical quantity
conforms to the original/national standard of
measurement is known as traceability of the

standard.

Calibration is the procedure used to establish a
relationship between the values of the quantities
indicated by the measuring instrument and the
corresponding values realized by standards
under specified conditions.

Systematic error is a type of error that deviates
by a fixed amount from the true value of mea-
surement. These types of errors are controllable
in both their magnitude and direction.

Random errors provide a measure of random
deviations when measurements of a physical
quantity are carried out repeatedly. These errors
can be statistically evaluated, and their mean
value and standard deviation can be determined.

MULTIPLE-CHOICE QUESTIONS

1.

. When determining

When a set of readings of a measurement has a
wide range, it indicates

(a) high precision (c) low precision

(b) high accuracy (d) low accuracy

The difference between the lower and higher
values that an instrument is able to measure is
called

(a) accuracy
(b) sensitivity

(c) range
(d) error
the uncertainty for a
particular measurement device, the common
uncertainty factors that should be included are
(a) errors in the measurement technique and
method
(b) random variability of the measurement pro-
cess
(c) technician’s error
(d) all of these
The aim of calibration is to
(a) meet customer requirement
(b) detect deterioration of accuracy
(c) comply withISO 9000 standard requirements
(d) practise measurement procedures

. Which of the following defines parallax error?

(a) Same as observational error
(b) Apparent shift of an object when the position
of the observer is altered

(c) Error caused by the distance between the
scale and the measured feature

(d) Mean of the values of measurements when
the object is observed from the right and
from the left

6. The best way to eliminate parallax error is to

(a) use a magnifying glass while taking mea-
surements

(b) use a mirror behind the readout pointer or
indicator

(c) centre the scale along the measured feature

(d) take consistent measurements from one side
only

. Which of the following errors is eliminated or

minimized by zero setting adjustment on a dial
indicator?

(a) Parallax error
(b) Inherent error

(c) Alignment error
(d) Computational error

. The best standard characteristic when calibrating

an instrument for production inspection is

(a) ten times the accuracy

(b) new and seldom used since calibration

(c) permanently assigned to this particular
instrument

(d) using a standard similar in size, shape, and
material, with part being measured

. Interpretation of repeated measurement res-



10.

11.

ults on the same feature is considered the 12.

instrument’s
(a) accuracy (c) range
(b) precision (d) sensitivity

is the source of measurement uncertainty?

(a) Inherent instrument error, temperature error,
and manipulative error

(b) Attachment error, manipulative error, and

temperature error 14.

(c) Attachment error, bias, and inherent
instrument error

(d) Inherent instrument error, manipulative
error, and observational error

Accuracy is defined as

(a) a measure of how often an experimental

value can be repeated 15.

(b) the closeness of a measured value to the real
value

(c) the number of significant figures used in a
measurement

(d) none of these

When a steel rule is used, which of the following  13.
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Conformity of a physical quantity to the national
standard of measurement is known as

(a) calibration (c) traceability

(b) sensitivity (d) repeatability
Systematic errors are

(a) controllable errors

(b) random errors

(c) uncontrollable errors

(d) none of these

When a series of repeated measurements that are
made on a component under similar conditions
are plotted, it follows

(a) log-normal distribution

(b) Weibull distribution

(c) binomial distribution

(d) Gaussian distribution

Random errors can be assessed

(a) experimentally

(b) by performing sensitivity analysis

(c) statistically

(d) empirically

REVIEW QUESTIONS

1.

2.

e

Define metrology. Explain the significance of
metrology.

Differentiate between sensitivity and con- 8.
sistency. 9.
Define measurand and comparator.

measurements. Give two examples of each.

Describe any five methods of measurement. 13.
Define the following:

(a) Range of measurement 14.
(b) Sensitivity 15.

(c) Consistency
(d) Repeatability

Answers to Multiple-choice Questions

Briefly explain legal and deterministic 10.
metrology. 1.
Distinguish between direct and indirect 12.

(e) Calibration

(f) Traceability

Differentiate between accuracy and precision.
What are the possible sources of errors in
measurements? Briefly explain them.

Discuss the need for inspection.

Explain the important elements of measurements.
Differentiate between systematic and random
erTors.

Discuss the relationship between accuracy and
cost.

List the objectives of metrology.

Discuss the different reasons for the occurrence
of systematic errors.

L@ 2 3. 4(® 5@® 6.@0b 7.0 8 @
9. ) 10. (d) 1. (b) 12.(c) 13.(a) 14.(d 15. (c)
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CHAPTER Standards of
Measurement

After studying this chapter, the reader will be able to

* understand the importance of and need for standards

e describe the evolution of standards and the role of the
National Physical Laboratory

* elucidate the different material standards, their contribution,
and disadvantages, and appreciate the significance of
wavelength standards

e compare the characteristics of line and end standards

¢ explain the transfer from line standard to end standard

e calibrate end bars

2.1 INTRODUCTION

Human beings have always been innovative and have exploited the natural resources of the
earth to manufacture products and devices that satisfy their basic needs and desires. They have
always experimented with the form, size, and performance of the products they have invented.
During the medieval period, the measurement process underwent an evolution and people
accepted the process in specific trades, but no common standards were set. Generally, these
measurement standards were region-dependent, and as trade and commerce grew, the need for
standardization was also realized. In fact, it would be impossible to imagine today’s modern
world without a good system of standards of measurement.

Mass production, an idea generated during the last industrial revolution, has become
very popular and synonymous with the present manufacturing industry, and a necessity for
manufacturing identical parts. Today, almost all manufacturing units practise the principle
of interchangeability of manufacture. In order to accomplish complete interchangeability of
manufacture in industries, it is essential to a have a measurement system that can adequately
define the features of the components/products to the accuracy required.

2.2 STANDARDS AND THEIR ROLES

In order to make measurements a meaningful exercise, some sort of comparison with a known
quantity is very essential. It is necessary to define a unit value of any physical quantity under
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consideration such that it will be accepted internationally. It is not sufficient to only define these
unit values of physical quantities; these should also be measureable. A standard is defined as the
fundamental value of any known physical quantity, as established by national and international
organizations of authority, which can be reproduced. Fundamental units of physical quantities
such as length, mass, time, and temperature form the basis for establishing a measurement system.

In the present world of globalization, it is impossible to perform trade in national and
international arenas without standards. In fact, a good system of standards is essential for fair
international trade and commerce; it also helps accomplish complete interchangeability of
manufacture. Adhering to globally accepted standards allows the manufacturer to convince the
customers about the quality of the product.

Standards play a vital role for manufacturers across the world in achieving consistency,
accuracy, precision, and repeatability in measurements and in supporting the system that
enables the manufacturers to make such measurements.

2.3 EVOLUTION OF STANDARDS

The need for accurate measurements has been recognized by human beings since early times,
which is evident from the history of standards. Length standards were one of the earliest
standards set by human beings. A brief look at history reveals the following interesting facts.
The Egyptian cubit was the earliest recorded length standard—the length of the Pharaoh’s
forearm plus the width of his palm. The royal cubit was the first master standard made out of
black granite, which was used in Egyptian pyramid construction. The actual foot length of the
Greek monarch was defined as a foot. King Henry I decreed the length from the tip of nose to
the end of the middle finger, when the arm is fully stretched as one yard.

One of the important prerequisites for progress in science is to gain mastery over the
science of measurement. Any progress made in manufacturing and other business sectors
in the international arena necessitates that activities at high scientific and technical levels
be accomplished by progress in metrology. Further, automation in manufacturing industries
demands a very high level of accuracy, precision, and reliability. It is pertinent to mention here
that human beings’ knowledge of nature and the universe, their adaptability to the purpose, and
their ability to measure precisely, provides a basis for the science of metrology.

The metric system, which was accepted by France in 1795, coexisted with medieval units
until 1840, when it was declared as the exclusive system of weights and measures. In 1798, Eli
Whitney introduced the concept of manufacturing interchangeable components for assembling
guns. This led to the development of standardization of manufacturing activities to achieve
interchangeability. Based on a 4-year investigation, John Quincy Adams in 1821 submitted a
report on the metric system and the modernization of our measurement system to the United
States Congress. Highlighting the importance of measurement in his report, he stated, “Weights
and measures may be ranked among the necessaries of life to every individual of human
society. They enter into the economical arrangements and daily concerns of every family.
They are necessary to every occupation of human industry; to the distribution and security
of every species of property; to every transaction of trade and commerce; to the labors of the
husbandman; to the ingenuity of the artificer; to the studies of the philosopher; to the researches
of the antiquarian; to the navigation of the mariner, and the marches of the soldier; to all the
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Quantity Unit Symbol

exchanges of peace, and all the operations of war. The knowledge of them, as in established use,
is among the first elements of education, and is often learned by those who learn nothing else,
not even to read and write. This knowledge is riveted in the memory by the habitual application
of it to the employments of men throughout life’.

By 1860, in order to keep pace with scientific inventions, there arose a need for better
metric standards. In 1855, the imperial standard yard was developed in England, which was
quite accurate. In 1872, the first international prototype metre was developed in France. The
International Metric Convention, which was held in France in 1875, universally accepted the
metric system, and provisions were also made to set up the International Bureau of Weights and
Measures (BIPM) in Paris, which was signed by 17 countries. This convention also agreed to
precisely define the metric standards for mass and length and established permanent mechanisms
to propose and implement further improvements in the metric system. In 1866, the USA passed
an act of Congress to employ the metric system of weights and measures in all contracts,
dealings, and court proceedings. In the USA, since 1893, the internationally accepted metric
standards have served as the basic measurement standards. Around 35 countries, including
continental Europe and most of South America, officially adopted the metric system in 1900.

The internationally adopted standards were required to extend support to the rapid increase
in trade between industrialized countries. This resulted in the establishment of international
organizations for standardization such as the International Electrotechnical Commission (IEC)
in 1906 and the International Organization for Standardization (ISO) in 1947.

In October 1960, at the 11th General Conference on Weights and Measures held in Paris,
the original metric standards were redefined in accordance with the 20th-century standards of
measurement and a new revised and simplified international system of units, namely the SI
units was devised. SI stands for systeme international d’unites (international system of units).
The seven basic units established under the SI unit system are given in Table 2.1. The 11th
General Conference recommended a new standard of length, known as wavelength standard,
according to which, metre is defined as 16,50,763.73 x wavelengths of the red—orange radiation
of krypton 86 atom in vacuum.

In the 17th General Conference of Weights and Measures held on 20 October 1983, the
modern metre was defined as the length of the path travelled by light in vacuum during a time
interval of 1/29,97,92,458 of a second.

Table 2.1 Basic units of S system In 1999, a mutual recognition arrangement
(MRA) was signed by the Committee of Weights and
Measures to cater to the growing need for an open,

Length Metre m transparent, and comprehensive method to provide
Mass Kilogram kg users with .reliable guantitative informat'ion on the
comparability of national metrology services. It also
Time Second = provides the technical basis for wider agreements
Thermodynamic temperature Kelvin K negotiated for international trade, commerce, and
regulatory affairs.
Amount of substance Mole mol In 1999, directors of the National Metrology
Electric current Ampere A Institutes (NMIs) signed an MRA for national
Luminous intensity Candela cd measurement standards and for calibration and

measurement certificates issued by NMIs.
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2.4 NATIONAL PHYSICAL LABORATORY

The National Physical Laboratory (NPL) was established in UK in 1900. It is a public
institution for standardizing and verifying instruments, testing materials, and determining
physical constants. NPL India (NPLI) was established in 1947 in New Delhi under the Council
of Scientific and Industrial Research (CSIR). It also has to comply with the statutory obligation
of realizing, establishing, maintaining, reproducing, and updating the national standards of
measurement and calibration facilities for different parameters.

The main purpose of establishing NPLI is to reinforce and carry out research and
development activities in the areas of physical sciences and key physics-based technologies.
NPLI is also responsible for maintaining national standards of measurements and ensuring that
they conform to international standards. It is established to support industries and national and
private agencies in their research and development activities by carrying out calibration and
testing, precision measurements, and development of processes and devices. It also ascertains
that the national standards of measurements are traceable to the international standards. NPLI
also shoulders the responsibility of assisting in research and development activities in the fields
of material development, radio and atmospheric sciences, superconductivity and cryogenics,
etc.

The major exercise of NPLI is to compare at regular intervals, the national standards with
the corresponding standards maintained by the NMIs of other countries in consultation with the
International Committee of Weights and Measures and the member nations of the Asia Pacific
Metrology Programme. This exercise is essential to establish equivalence of national standards
of measurement at NPL with those at other NMIs so that the calibration certificates issued by
NPL would have global acceptability.

2.5 MATERIAL STANDARD

Two standard systems for linear measurement that have been accepted and adopted worldwide
are English and metric (yard and metre) systems. Most countries have realized the importance
and advantages of the metric system and accepted metre as the fundamental unit of linear
measurement.

Scientists across the world have always been in the pursuit of a suitable unit for length,
and consistent efforts have been made to keep the unit of length constant irrespective of the
environmental conditions. The problem with material standards used earlier was that the
materials used for defining the standards could change their size with temperature and other
conditions. In order to keep the fundamental unit unchanged, great care and attention had to
be exercised to maintain the same conditions. The natural and invariable unit for length was
finalized as the primary standard when they found that wavelength of monochromatic light
was not affected by environmental conditions. They were able to express easily the previously
defined yard and metre in terms of the wavelength of light.

Yard or metre is defined as the distance between two scribed lines on a bar of metal
maintained under certain conditions of temperature and support. These are legal line standards
and are governed by the Act of Parliament for their use.
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2.5.1 Yard

The imperial standard yard is a bronze bar 1sq. inch in cross-section and 38inches in length,
having a composition of 82% Cu, 13% tin, and 5% Zn. The bar contains holes of Y2-inch
diameter x ¥2-inch depth. It has two round recesses, each located one inch away from either end
and extends up to the central plane of the bar. A highly polished gold plug having a diameter
of 1/10 of an inch comprises three transversely engraved lines and two longitudinal lines that
are inserted into each of these holes such that the lines lie in the neutral plane. The top surface
of the plug lies on the neutral axis. Yard is then defined as the distance between the two central
transverse lines of the plug maintained at a temperature of 62 °F. Yard, which was legalized in
1853, remained a legal standard until it was replaced by the wavelength standard in 1960. One
of the advantages of maintaining the gold plug lines at neutral axis is that this axis remains
unaffected due to bending of the beam. Another advantage is that the gold plug is protected
from getting accidentally damaged. Three orthographic views of the imperial standard yard
are shown in Fig. 2.1. It is important to note that an error occurs in the neutral axis because of
the support provided at the ends. This error can be minimized by placing the supports in such
a way that the slope at the ends is zero and the flat end faces of the bar are mutually parallel to
each other.

Airy points can be defined as the points at which a horizontal rod is optionally supported to
prevent it from bending. These points are used to support a length standard in such a way as to
minimize the error due to bending. Sir George Biddell Airy (1801-92) showed that the distance

1
d between the supports can be determined by the formula \/T x L, where n is the number
n- -1

of supports and L, the length of the bar. When it is supported by two points, n = 2. Substituting
this value in the preceding formula, the distance between the supports is obtained as 0.577L.
This means that the supports should be at an equal distance from each end to a position where
they are 0.577L apart. Normally, airy points are marked for length bars greater than 150 mm.

< 38" >
|< 36" > |
| | A |
— —\— — — Neutral axis — — — \— — | linch — |— -+ —
? A
Gold plug 1 inch
| |
A
@ Bronze bar @ 1 inch
Y
I I
L Enlarged view of the gold plug with engraving

Fig. 2.1 Imperial standard yard
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The distance between two supports for international yard and international prototype metre is
marked as 29.94 inches and 58.9 mm, respectively.

2.5.2 Metre

This standard is also known as international prototype metre, which was established in 1875.
It is defined as the distance between the centre positions of the two lines engraved on the
highly polished surface of a 102 cm bar of pure platinum—iridium alloy (90% platinum and 10%
iridium) maintained at 0°C under normal atmospheric pressure and having the cross-section
of a web, as shown in Fig. 2.2. The top surface of the web contains graduations coinciding
_ with the neutral axis of the section. The web-shaped
section offers two major advantages. Since the section
is uniform and has graduations on the neutral axis, it
allows the whole surface to be graduated. This type of
Neutral cross-section provides greater rigidity for the amount
Taxis  1OMM e etal involved and is economical even though an
expensive metal is used for its construction. The bar
is inoxidizable and can have a good polish, which is
required for obtaining good-quality lines. It is supported
by two rollers having at least 1 cm diameter, which are

Top surface of
web

16 mm

Y

symmetrically located in the same horizontal plane at a
Fig. 22 International prototype metre distance of 751 mm from each other such that there is
minimum deflection.

2.5.3 Disadvantages of Material Standards

The following disadvantages are associated with material standards:
1. Material standards are affected by changes in environmental conditions such as temperature,
pressure, humidity, and ageing, resulting in variations in length.

2. Preservation of these standards is difficult because they must have appropriate security to
prevent their damage or destruction.

. Replicas of material standards are not available for use at other places.

. They cannot be easily reproduced.

. Comparison and verification of the sizes of gauges pose considerable difficulty.

. While changing to the metric system, a conversion factor is necessary.

AN L B~ W

These disadvantages prompted scientists to look for a standard that remains unaffected by the
variations in environmental conditions. Consequently, the 11th General Conference of Weights
and Measures, which was held in Paris in 1960, recommended a new standard of length, known
as wavelength standard, measured in terms of wavelengths of the red—orange radiation of the
krypton 86 isotope gas.

2.6 WAVELENGTH STANDARD

It is very clear from the methods discussed earlier that comparison and verification of the
sizes of the gauges pose considerable difficulty. This difficulty arises because the working
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standard used as a reference is derived from a physical standard and successive comparisons are
required to establish the size of a working standard using the process discussed earlier, leading
to errors that are unacceptable. By using wavelengths of a monochromatic light as a natural
and invariable unit of length, the dependency of the working standard on the physical standard
can be eliminated. The definition of a standard of length relative to the metre can easily be
expressed in terms of the wavelengths of light.

The use of the interference phenomenon of light waves to provide a working standard may
thus be accepted as ultimate for all practical purposes. However, there were some objections
to the use of the light wavelength standard because of the impossibility of producing pure
monochromatic light, as wavelength depends upon the amount of isotope impurity in the
elements. However, with rapid advancements in the field of atomic energy, pure isotopes of
natural elements have been produced. Cadmium 114, krypton 86, and mercury 198 are possible
sources of radiation of wavelengths suitable for the natural standard of length. There is no
need to preserve the wavelength standard as it is not a physical one. This standard of length is
reproducible, and the error of reproduction can be of the order of 1 part in 100 million.

Finally, in 1960, at the 11th General Conference of Weights and Measures held in Paris, it
was recommended and decided that krypton 86 is the most suitable element if used in a hot-
cathode discharge lamp maintained at a temperature of 68 K. According to this standard, metre
is defined as 1,650,763.73 x wavelengths of the red—orange radiation of a krypton 86 atom in
vacuum. This standard can be reproduced with an accuracy of about 1 part in 10° and can be
accessible to any laboratory.

2.6.1 Modern Metre

The modern metre was defined in the 17th General Conference of Weights and Measures held
on 20 October 1983. According to this, the metre is the length of the path travelled by light in
vacuum during a time interval of 1/299,792,458 of a second. This standard is technologically
more accurate and feasible when compared to the red—orange radiation of a krypton 86 atom
and can be realized in practice through the use of an iodine-stabilized helium—neon laser. The
reproducibility of the modern metre is found to be 3 parts in 10!, which could be compared to
measuring the earth’s mean circumference to an accuracy of about 1 mm.

2.7 SUBDIVISIONS OF STANDARDS

The imperial standard yard and metre defined in Sections 2.5.1 and 2.5.2 are master standards
that cannot be used for daily measurement purposes. In order to facilitate measurement at
different locations depending upon the relative importance of standard, they are subdivided
into the following four groups:

Primary standards For defining the unit precisely, there shall be one and only one material
standard. Primary standards are preserved carefully and maintained under standard atmospheric
conditions so that they do not change their values. This has no direct application to a measuring
problem encountered in engineering. These are used only for comparing with secondary
standards. International yard and international metre are examples of standard units of length.
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Secondary standards These are derived from primary standards and resemble them very
closely with respect to design, material, and length. Any error existing in these bars is recorded
by comparison with primary standards after long intervals. These are kept at different locations
under strict supervision and are used for comparison with tertiary standards (only when it is
absolutely essential). These safeguard against the loss or destruction of primary standards.

Tertiary standards Primary and secondary standards are the ultimate controls for standards;
these are used only for reference purposes and that too at rare intervals. Tertiary standards
are reference standards employed by NPL and are used as the first standards for reference
in laboratories and workshops. These standards are replicas of secondary standards and are
usually used as references for working standards.

Working standards These are used more frequently in workshops and laboratories. When
compared to the other three standards, the materials used to make these standards are of a
lower grade and cost. These are derived from fundamental standards and suffer from loss of
instrumental accuracy due to subsequent comparison at each level in the hierarchical chain.
Working standards include both line and end standards.

Accuracy is one of the most important factors to be maintained and should always be
traceable to a single source, usually the national standards of the country. National laboratories
of most of the developed countries are in close contact with the BIPM. This is essential because
ultimately all these measurements are compared with the standards developed and maintained
by the bureaus of standards throughout the world. Hence, there is an assurance that items
| manufactured to identical dimensions in different

countries will be compatible with each other, which
helps in maintaining a healthy trade. Figure 2.3
shows the hierarchical classification of standards and
Table 2.2 shows a classification based on purpose.

| National standards

Y
| National reference standards |

Y The accuracy of a particular standard depends
| Working standards li on subsequent comparisons of standards in the
hierarchical ladder. While assessing the accuracy
Y of a standard it is also important to consider factors
|Interlaborat0ry standards| such as the care taken during comparison, the
¥
Reference standards for | Table 2.2 Classification of standards based
laboratory on purpose
Y Standard Purpose
Worki li
orking standards Reference Reference
Y Calibration Calibration of inspection
Working or reference standards | and working standards

of lower grade

Inspection Used by inspectors

Fig. 2.3 Hierarchical classification of standards Working standards Used by operators
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procedure followed for comparison when the recent comparison was made, and the stability of
the particular standard. It is imperative that there is a degradation of accuracy in the standards
that follow the national standards in the hierarchical classification of standards, as shown in
Fig. 2.3.

Comparisons with national standards are seldom performed, as frequent comparisons
may degrade their accuracy. For frequent comparisons of the lower-order standards, national
reference standards are generally used. For calibration purposes, normally working standards
are employed. These working standards stand third in the hierarchical classification and are
sometimes called national working standards. Interlaboratory standards and reference standards
for laboratories, which are of good quality, are derived from working standards.

2.8 LINE AND END MEASUREMENTS

We all know that sometimes distances have to be measured between two lines or two surfaces or
between a line and a surface. When the distance between two engraved lines is used to measure
the length, it is called line standard or line measurement. The most common examples are yard
and metre. The rule with divisions marked with lines is widely used.

When the distance between two flat parallel surfaces is considered a measure of length, it is
known as end standard or end measurement. The end faces of the end standards are hardened to
reduce wear and lapped flat and parallel to a very high degree of accuracy. The end standards
are extensively used for precision measurement in workshops and laboratories. The most
common examples are measurements using slip gauges, end bars, ends of micrometer anvils,
vernier callipers, etc.

For an accurate measurement, it is required to select a measuring device that suits a particular
measuring situation. For example, for a direct measurement of the distances between two
edges, a rule is not suitable because it is a line-measuring device. However, a comparison of
characteristics of the line and end standards clearly shows that the end standards provide higher
accuracy than line standards.

2.8.1 Characteristics of Line Standards

The following are the characteristics of line standards:

1. Measurements carried out using a scale are quick and easy and can be used over a wide
range.

2. Even though scales can be engraved accurately, it is not possible to take full advantage of this
accuracy. The engraved lines themselves possess thickness, making it difficult to perform
measurements with high accuracy.

3. The markings on the scale are not subjected to wear. Undersizing occurs as the leading ends
are subjected to wear.

4. A scale does not have a built-in datum, which makes the alignment of the scale with the axis
of measurement difficult. This leads to undersizing.

5. Scales are subjected to parallax effect, thereby contributing to both positive and negative
reading errors.

6. A magnifying lens or microscope is required for close tolerance length measurement.
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2.8.2 Characteristics of End Standards

End standards comprise a set of standard blocks or bars using which the required length is

created. The characteristics of these standards are as follows:

1. These standards are highly accurate and ideal for making close tolerance measurement.

2. They measure only one dimension at a time, thereby consuming more time.

3. The measuring faces of end standards are subjected to wear.

4. They possess a built-in datum because their measuring faces are flat and parallel and can be
positively located on a datum surface.

5. Groups of blocks/slip gauges are wrung together to create the required size; faulty wringing
leads to inaccurate results.

6. End standards are not subjected to parallax errors, as their use depends on the feel of the
operator.

7. Dimensional tolerance as close as 0.0005 mm can be obtained.

The end and line standards are initially calibrated at 20 + ¥2°C. Temperature changes influence
the accuracy of these standards. Care should be taken in the manufacturing of end and line
standards to ensure that change of shape with time is minimum or negligible. Table 2.3 gives a
complete comparison of line and end standards.

Table 2.3 Comparison of line and end standards

Characteristics Line standard End standard

Principle of Distance between two engraved lines is Distance between two flat and parallel

measurement used as a measure of length surfaces is used as a measure of length

Accuracy of Limited accuracy of +0.2 mm; magnifying High accuracy of measurement; close

measurement lens or microscope is required for high tolerances upto +0.0005 mm can be obtained
accuracy

Ease and time Measurements made using a scale are Measurements made depend on the skill of

of measurement quick and easy the operator and are time consuming

Wear Markings on the scale are not subjected Measuring surfaces are subjected to wear

to wear. Wear may occur on leading ends,
which results in undersizing

Alignment Alignment with the axis of measurement is Alignment with the axis of measurement is
not easy, as they do not contain a built-in easy, as they possess a built-in datum
datum

Manufacture Manufacturing process is simple Manufacturing process is complex

Cost Cost is low Cost is high

Parallax effect Subjected to parallax effect No parallax error; their use depends on the

feel of the operator

Wringing Does not exist Slip gauges are wrung together to build the
required size

Examples Scale (yard and metre) Slip gauges, end bars, ends of micrometer
anvils, and vernier callipers



30 ENGINEERING METROLOGY AND MEASUREMENTS

2.8.3 Transfer from Line Standard to End Standard

We know that primary standards are basically line standards and that end standards are practical
workshop standards. Line standards are highly inconvenient for general measurement purposes
and are usually used to calibrate end standards, provided that the length of primary line standard
is accurately known. There is a probability of the existence of a very small error in the primary
standard, which may not be of serious concern. It is important to accurately determine the error
in the primary standard so that the lengths of the other line standards can be precisely evaluated
when they are compared with it.

From the aforementioned discussions it is clear that when measurements are made using end
standards, the distance is measured between the working faces of the measuring instrument,
which are flat and mutually parallel. A composite line standard is used to transfer a line standard
to an end standard.

Figure 2.4 shows a primary line standard of a basic length of 1 m whose length is accurately
known. A line standard having a basic length of more than 1 m is shown in Fig. 2.5. This line
standard consists of a central length bar that has a basic length of 950 mm. Two end blocks of 50
mm each are wrung on either end of the central bar. Each end block contains an engraved line at
the centre.

The composite line standard whose length is to be determined is compared with the primary
line standard, and length L is obtained as using the following formula:

L:L1+b+c

The four different ways in which the two end blocks can be arranged using all possible
combinations and then compared with the primary line standard are

L=L1+b+c
L=L +b+d
L:L1+a+c
L:L1+a+d

Summation of these four measurements gives

4L=4L1+2a+2b+2c+2d

=4L +2(a+b) +2(c+d)

Now, the combination of blocks (a + b) and (¢

™

Fig. 2.4 Basic length of primary line standard

1 m calibrated composite line standard + d) are unlikely to be of the same length. The
two are therefore compared; let the difference

between them be x, as shown in Fig. 2.6.

alb 1 m of basic length cld (c+d)=(@+b)+x
X A
B > A
<> L, =950 mm <> (a+h) €+
50 mm 50 mm A J Y

Fig. 2.5 Basic length of primary line standard with end blocks Fig. 2.6  Comparison of blocks (a + b) and (¢ + d)
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(a+Db) L A Vax Substituting the value of (¢ + d),
> <

Y

4L=4L1 +2(a+ b) +2[(a+ b) +x)]
B > 4L=4L +2(a +b) + 2(a + b) + 2x
4L=4L +4(a+b)+2x

Dividing by 4, we get

- - - - - - - - - - - = —> L=L +(a+Db)+Yx

< > An end standard of known length can now
be obtained consisting of either L, + (a + b)
or L, + (¢ + d), as shown in Fig. 2.7. The
-—- = -—-—-———— - - - - — = > length of L, + (@ + b) is L, + (a + D) + Vax
less Y2x, where (a + b) is shorter of the two
(c+d) I Vox end blocks. The length of L, + (¢ + d) is
=(a+b)+x L, + (a + b) + Yax plus Yax, where (¢ + d) is
longer of the two end blocks. The calibrated
composite end bar can be used to calibrate a
solid end standard of the same basic length.

,T,

Fig. 2.7 End standard of known length as obtained
from the standard

2.9 BROOKES LEVEL COMPARATOR

The Brookes level comparator (Fig. 2.8) is used to calibrate standards by comparing with a
master standard. End standards can be manufactured very accurately using a Brookes level
comparator. A.J.C. Brookes devised this simple method in 1920 and hence the name. The
Brookes level comparator has a very accurate spirit level. In order to achieve an accurate
comparison, the spirit level is supported on balls so that it makes only a point contact with the
gauges.

The table on which the gauges are placed for comparison are first levelled properly using
the spirit level. The two gauges (the master standard gauge and the standard gauge) that are

Spirit level

Y

g -f _
¢ Master >

Standard for Standard for
¢ ; standard ¢
comparison < comparison

'y
-t

\ Table /

Fig. 2.8 Calibration using a Brookes level comparator



32 ENGINEERING METROLOGY AND MEASUREMENTS

to be compared are wrung on the table and the spirit level is properly placed on them. The
bubble reading is recorded at this position. The positions of the two gauges are interchanged
by rotating the table by 180°. The spirit level is again placed to note down the bubble reading
at this position. The arrangement is shown in Fig. 2.8.

The two readings will be the same if the gauges are of equal length and different for gauges
of unequal lengths. When the positions of the gauges are interchanged, the level is tilted
through an angle equal to twice the difference in the height of gauges divided by the spacing of
level supports. The bubble readings can be calibrated in terms of the height difference, as the
distance between the two balls is fixed. The effect of the table not being levelled initially can be
eliminated because of the advantage of turning the table by 180°.

2.10 DISPLACEMENT METHOD

Line of

The displacement method is used to compare an edge gauge with a line standard. This method
is schematically represented in Fig. 2.9. The line standard, which is placed on a carrier, is
positioned such that line A is under the cross-wires of a fixed microscope, as seen in Fig. 2.9(a).
The spindle of the micrometer is rotated until it comes in contact with the projection on the
carrier and then the micrometer reading is recorded. The carrier is moved again to position line
B under the cross-wires of the microscope. At this stage, the end gauge is inserted as shown in
Fig. 2.9(b) and the micrometer reading is recorded again. Then the sum of the length of the line
standard and the difference between the micrometer readings will be equal to the length of the
end gauge.

<—— Fixed microscope

Micrometer
A Line standard B

v
measurement [ T I B % -

Carrier —>|

End gauge

. P

0.577L _

<
<

(b)
Fig. 2.9 Displacement method (a) With line standard only (b) With line and end standards combined
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2.11 CALIBRATION OF END BARS

¢ In order to calibrate two bars having

e

T 1 a basic length of 500 mm with the
help of a one piece metre bar, the

X following procedure is adopted.
The metre bar to be calibrated is
p— ¢ wrung to a surface plate. The two
e, 500mm bars to be calibrated are
T wrung together to form a bar that
Y X Y has a basic length of 1 m, which in
turn is wrung to the surface plate
beside the metre bar, as shown
in Fig. 2.10(a). The difference

Fig. 2.10

212 NU

(@) (b) in height e, is obtained. The two
500 mm bars are then compared to
determine the difference in length,
as shown in Fig. 2.10(b).

Let L, and L, be the lengths of the two 500 mm bars. Let e, be the difference in height
between the calibrated metre bar and the combined lengths of X and Y. Let the difference
between the lengths of X and Y be e,. Let L be the actual length of the metre bar.

Then the first measurement gives a length of L + ¢, = L, + L., depending on whether the
combined length of L, and L, is longer or shorter than L.

The second measurement yields a length of L, + e, = L,, again depending on whether X is
longer or shorter than'Y.

Then substituting the value of L, from the second measurement in the first measurement,
we get

Calibration of end bars (a) Comparison of metre bar and end bars
wrung together (b) Comparison of individual end bars

or

Therefore, L, = (Lt e te,)2and L, =L *e,

For calibrating three, four, or any other number of length standards of the same basic size,
the same procedure can be followed. One of the bars is used as a reference while comparing
the individual bars and the difference in length of the other bar is obtained relative to this bar.

MERICAL EXAMPLES

Example 2.1 Itis required to obtain a metre standard from a calibrated line standard using a composite

line standard. The actual length of the calibrated line standard is 1000.015 mm. The composite
line standard comprises a length bar having a basic length of 950 mm and two end blocks, (a +
b) and (c + d), each having a basic length of 50 mm. Each end block contains an engraved line
at the centre.
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Four different measurements were obtained when comparisons were made between the
calibrated line standard and the composite bar using all combinations of end blocks:
L, = 1000.0035mm, L, = 1000.0030mm, L, = 1000.0020mm, and L, = 1000.0015 mm.
Determine the actual length of the metre bar.

Block (a + b) was found to be 0.001 mm greater than block (¢ + d) when two end blocks were
compared with each other.

Solution

The sum of all the four measurements for different combinations is as follows:
4L=L +L,+L,+L =4L, +4(a +b) + 2x
However, 4L = 1000.0035 + 1000.0030 + 1000.0020 + 1000.0015 = 4000.0100 mm
Therefore, 4L = 4000.0100 = 4L, + 4(a + b) + 2x
Dividing by 4, we get 1000.0025 =L + (a + b) + Vax
When block (a + b) is used, the end standard length = L+(a+ b) + Vax
=1000.0025 + 0.0005 = 1000.0030 mm
When block (¢ + d) is used, the end standard length = L + (a + b) — Yax
=1000.0025 — 0.0005 = 1000.0020 mm

Example 2.2 A calibrated metre end bar, which has an actual length of 1000.0005 mm, is to be used
in the calibration of two bars X and Y, each having a basic length of 500 mm. When compared
with the metre bar, the sum of L, and L, is found to be shorter by 0.0003 mm. When X and Y

are compared, it is observed that X is 0.0004 mm longer than Y. Determine the actual length of
X andY.

Solution

e, = 0.0003

The arrangement of gauges is as shown in
Fig. 2.11.
Y From first principles, we have
¢ L-e =L +L,
¢,=0.0004  However, L, =L, +e,
Therefore, we get L —e, =2L, +e,
- X v Or, LY =(L- e - ez)/2
l Substituting the values for L, e and e, we
get
L, = (1000.0005 - 0.0003 — 0.0004)/2
L, =999.9998/2mm
ie., L, =499.9999 mm

h
N >

Fig. 211  Arrangement of end bars

We have LX = LY +e,
LX =499.9999 + 0.0004 = 500.0003 mm

Example 2.3 Three 200 mm gauges to be calibrated are measured on a level comparator by wringing
them together and then comparing them with a 600 mm gauge. The 600 mm gauge has an actual
length of 600.0025 mm, and the three gauges together have a combined length of 600.0035 mm.
When the three gauges are intercompared, it is found that gauge A is longer than gauge B by
0.0020 mm but shorter than gauge C by 0.001 mm. Determine the length of each gauge.
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Solution

Figure 2.12 shows the arrangement
of gauges.
Let L X LB, and LC be the lengths of
gauges A, B, and C, respectively.
The combined length of L A0 LB, and
L 1s greater than L by e, = 600.0035
¢;=0.0001  _600.0025 = 0.001 mm.
In addition, we have, e, = 0.0020
mm and e, = 0.0010mm.
From Fig. 2.12, we have

Fig.2.12 Arrangement of end bars

Thus,

L=LB+e2+LB+LB+e2+e3—e

Simplifying,
L=3L,+2e,+e,—¢
or, 3LB =L—2e2+(33—e1
Ly=(L-2e,-e,+¢)/3

Substituting the values, we get

1

L=LA+LB+LC—e1
LA=LB+e2
LC=LA+e3
LC:LB+e2+e3

L, =600.0025 -2 x 0.0020 — 0.0010 + 0.001

LE =599.9985/3

LB =199.9995mm

LA = LB +e,

L, =199.9995 + 0.0020 = 200.0015 mm
LC = LA + e,

L. =200.0015 + 0.0010 = 200.0025 mm

A QUICK OVERVIEW

* Mass production, an idea of the last industrial
revolution, has become very popular and
synonymous with the present manufacturing
industry, and is a necessity for manufacturing
identical parts. Today, almost all manufacturing
units practise the principle of interchangeability
of manufacture. In order to accomplish complete
interchangeability of manufacture in industries,
it is essential to a have a measurement system
that can adequately define the features of the

components/products to the accuracy required
and standards of sufficient accuracy to aid the
measuring system.

Metrology, which literally means science of
measurements, not only deals with the
establishment, reproduction, protection, mainten-
ance, and transfer or conversion of units of
measurements and their standards, but is also
concerned with the correctness of measurement.
One of the major functions of metrology is to
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establish international standards for measurement
used by all countries in the world in both science
and industry.

It is impossible to perform trade in national and
international arenas without standards. In fact, a
good system of standards is very much essential
for fair international trade and commerce; it also
helps accomplish complete interchangeability of
manufacture. Establishment of a good system
of standards allows the manufacturer to define
the required attributes to the accuracy and the
standards having adequate accuracy to act as a
support mechanism.

Standards play a vital role for manufacturers across
the world in achieving consistency, accuracy,
precision, and repeatability in measurements
and in supporting the system that enables the
manufacturers to make such measurements. In
fact, any progress made in manufacturing and
other business sectors at the international arena
necessitates that activities at high scientific and
technical levels have to be accomplished by
progress in metrology. Further automation in
manufacturing industries demands a very high
level of accuracy, precision, and reliability.

The National Physical Laboratory (NPL) es-
tablished in UK in 1900 is a public institution for
standardizing and verifying instruments, testing
materials, and determining physical constants.
NPLI (India), which was established in 1947 at
New Delhi under the CSIR, has to comply with
the statutory obligation of realizing, establishing,
maintaining, reproducing, and updating the
national standards of measurement and calibration
facilities for different parameters.

* Yard or metre is defined as the distance between
two scribed lines on a bar of metal maintained
under certain conditions of temperature and
support.

* Airy points can be defined as the points at
which a horizontal rod is optionally supported to
prevent it from bending. These points are used
to support a length standard in such a way as
to minimize error due to bending. The distance

between the supports can be determined by
1

> x L, where n is the number of supports

n -1
and L the length of the bar. When it is supported
by two points, n = 2; the supports should be at an
equal distance from each end to a position where
they are 0.577L apart.

* The modern metre is defined as the length of
the path travelled by light in vacuum during a
time interval of 1/299,792,458 of a second. The
reproducibility of the modern metre is found to
be 3 parts in 10'!, which could be compared to
measuring the earth’s mean circumference to an
accuracy of about 1 mm.

* When the distance between two engraved
lines is used to measure the length, it is called
line standard or line measurement. The most
common examples are yard and metre.

* When the distance between two flat parallel

surfaces is considered as a measure of length, it

is known as end standard or end measurement.

The most common examples are measurements

using slip gauges, end bars, ends of micrometer

anvils, vernier callipers, etc.

Subdivision of line standards can be carried out

using Brookes level comparator.

MULTIPLE-CHOICE QUESTIONS

1. The modern metre is
(a) the length of the path travelled by light
in vacuum during a time interval of
1/29,97,92,458 of a second
(b) 16,50,763.73 x wavelengths of the red—orange
radiation of a krypton 86 atom in vacuum

(c) the length of the path travelled by light
in vacuum during a time interval of
1/399,792,458 of a second

(d) 1,660,793.73 x wavelengths of the red—
orange radiation of a krypton 86 atom in
vacuum



. Reproducibility of the modern metre is of the

order of

(a) 1 partin 100 million

(b) 3 parts in 10"!

(c) 3 parts in 10°

(d) 1 part in 1000 million

. When a measurement is made between two flat

parallel surfaces, it is called

(a) line measurement

(b) direct measurement

(c) standard measurement

(d) end measurement

. A public institution for standardizing and

verifying instruments, testing materials, and

determining physical constants is called

(a) BPL

(b) IPL

(c) NPL

(d) NMI

. Subdivision of end standards is carried out using

(a) Crook’s level comparator

(b) Brookes level comparator

(c) Johansson Mikrokator

(d) Sigma electronic comparator

. When airy points support a length standard at

two points, they will be apart by a distance of

(a) 0.577L

(b) 0.575L

(c) 0.757L

(d) 0.775L

. Which one of following is true?

(a) Line standard does not have parallax error.

(b) End standard does not have parallax error.

(c) Both line and end standards have parallax
error.

(d) Both line and end standards do not have
parallax error.

. Which of the following formulae can be used to

determine the distance d between the supports?

1
(a) x [?
\/n2—1
1
(b) 5 X L
n" -1

10.

11.

12.

13.

14.

15.
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Alignment with the axis of measurement is easy

in end standards because they possess

(a) parallax effect  (c) airy points

(b) high accuracy (d) a built-in datum

A line standard is transferred to an end standard

by using

(a) acomposite line standard

(b) a built-in datum

(c) workshop standards

(d) airy points

Both line and end standards are initially

calibrated at

(a) 18x1°C (c) 20 £ %2°C

(b) 18 £%2°C (d20+1°C

In a line standard, distance is measured between

(a) two flat parallel surfaces

(b) two engraved lines

(c) two points

(d) two inclined surfaces

Wringing of slip gauges is used in

(a) line measurement

(b) primary standards

(c) both line and end measurements

(d) end measurement

Comparison of the characteristics of line and

end standards clearly shows that the accuracy

(a) in line standard is greater than in end
standard

(b) in end standard is greater than in line
standard

(c) of both are equal

(d) cannot be determined by the comparison of
characteristics only

In the hierarchical classification of standards,

the accuracy in the standards

(a) is degraded

(b) is improved

(c) does not change

(d) is not related to hierarchical classifications
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REVIEW QUESTIONS

1.

9.
10.

Explain the role of standards of measurements
in modern industry.

Write a brief note on the evolution of standards.
What are material standards? List their
disadvantages.

Describe the following with neat sketches:

(a) Imperial standard yard

(b) International prototype of metre

What are airy points? State the condition to
achieve it.

Explain why length bars should be supported
correctly in the horizontal position.

. What is the current definition of metre? What is
its reproducibility ?

Write a note on wavelength standards.

List the advantages of wavelength standards.
With the help of a block diagram, explain the

1.
12.
13.
14.
15.
16.
17.

18.
19.

20.

hierarchical classification of standards.
Explain the contribution of NPL to metrology.
List the objectives of NPL.

How are standards subdivided?
Distinguish  between primary,
tertiary, and working standards.
What do you understand by line and end
standards? Give examples.

Discuss the characteristics of line and end
standards.

With a neat sketch, explain how Brookes level
comparator is used to subdivide end standards.
Differentiate between line and end standards.
Describe the procedure to transfer from line
standard to end standard.

With an example, explain how end standards are
derived from line standards.

secondary,

PROBLEMS

1

. It is required to calibrate four length bars A, B,
C, and D, each having a basic length of 250 mm.
A calibrated length bar of 1000 mm is to be used
for this purpose. The 1000 mm bar has an actual
length of 999.9991 mm. It is also observed that

L, + L is found to be shorter than the 500 mm
end bar by 0.0003 mm. When the two end bars
A and B are intercompared with each other, A is
found to be 0.0006 mm longer than B. Determine
L, and L.

LB =L At 0.0001 mm 3. Three 200 mm end bars (P, Q, and R) are measured
L.=L, +0.0005mm by first wringing them together and comparing
L,=L, +0.000l mm with a 600 mm bar. They are then intercompared.
L +L,+L.+Ly=L+0.0003mm The 600mm bar has a known error of 40um
Determine L K LB, LC, and LD. and the combined length of the three end bars is
2. A calibrated end bar having an actual length found to be 64pum less than the 600mm bar. It

of 500.0005mm is to be used to calibrate two is also observed that bar P is 18 um longer than
end bars A and B, each having a basic length of bar Q and 23 um longer than bar S. Determine the
250mm. On comparison, the combined length lengths of the three end bars.

ANSWERS

Multiple-choice Questions

1. (a) 2. (b) 3. (d) 4. (c) 5. (b) 6. (a) 7. (b) 8. (b)

9. (d) 10. (@) 11. (¢) 12.(b) 13.(d) 14. (b) 15. (a)

Problems

1. L, =249.999725mm, L, = 249.999825 mm, L = 250.000225 mm, L, = 249.999625 mm

2. L, =250.0004 mm, L, = 249.9998 mm

3. L, =200.0056667 mm, LQ =199.9876667 mm, L, = 199.9826667 mm
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CHAPTER Limits, Fits, and
Tolerances

After studying this chapter, the reader will be able to

 understand the importance of manufacturing components to
specified sizes

* elucidate the different approaches of interchangeable and
selective assembly

* appreciate the significance of different types of limits, fits,
and tolerances in design and manufacturing fields, which
are required for efficient and effective performance of
components/products

e utilize the principle of limit gauging and its importance in
inspection in industries

e design simple GO and NOT gauges used in workshops/
inspection

3.1 INTRODUCTION

Although any two things found in nature are seldom identical, they may be quite similar. This
is also true in the case of manufacturing of different components for engineering applications.
No two parts can be produced with identical measurements by any manufacturing process. A
manufacturing process essentially comprises five m’s—man, machine, materials, money, and
management.

Variations in any of the first three elements induce a change in the manufacturing process.
All the three elements are subjected to natural and characteristic variations. In any production
process, regardless of how well it is designed or how carefully it is maintained, a certain amount
of natural variability will always exist. These natural variations are random in nature and are
the cumulative effect of many small, essentially uncontrollable causes. When these natural
variations in a process are relatively small, we usually consider this to be an acceptable level of
process performance.

Usually, variability arises from improperly adjusted machines, operator error, tool wear,
and/or defective raw materials. Such characteristic variability is generally large when
compared to the natural variability. This variability, which is not a part of random or chance
cause pattern, is referred to as ‘assignable causes’. Characteristic variations can be attributed
to assignable causes that can easily be identified and controlled. However, this has to be
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achieved economically, which brings in the fourth element. Characteristic variability causes
variations in the size of components. If the process can be kept under control, that is, all the
assignable and controllable causes of variations have been eliminated or controlled, the size
variations will be well within the prescribed limits. These variations can be modified through
operator or management action.

Production processes must perform consistently to meet the production and design
requirements. In order to achieve this, it is essential to keep the process under control. Thus,
when the process is under control, distribution of most of the measured values will be around
the mean value in a more or less symmetrical way, when plotted on a chart. It is therefore
impossible to produce a part to an exact size or basic size and some variations, known as
tolerances, need to be allowed. Some variability in dimension within certain limits must be
tolerated during manufacture, however precise the process may be. The permissible level of
tolerance depends on the functional requirements, which cannot be compromised.

No component can be manufactured precisely to a given dimension; it can only be made to
lie between two limits, upper (maximum) and lower (minimum). The designer has to suggest
these tolerance limits, which are acceptable for each of the dimensions used to define shape and
form, and ensure satisfactory operation in service. When the tolerance allowed is sufficiently
greater than the process variation, no difficulty arises. The difference between the upper and
lower limits is termed permissive tolerance.

For example, a shaft has to be manufactured to a diameter of 40 + 0.02mm. This means
that the shaft, which has a basic size of 40 mm, will be acceptable if its diameter lies anywhere
between the limits of sizes, that is, an upper limit of 40.02mm and a lower limit of 39.98 mm.
Then permissive tolerance is equal to 40.02 — 39.98 = 0.04. Basic or nominal size is defined as
the size based on which the dimensional deviations are given.

In any industry, a manufactured product consists of many components. These components
when assembled should have a proper fit, in order for the product to function properly and have an
extended life. Fit depends on the correct size relationships between the two mating parts. Consider
the example of rotation of a shaft in a hole. Enough clearance must be provided between the shaft
and the hole to allow an oil film to be maintained for lubrication purpose. If the clearance is too
small, excessive force would be required to rotate the shaft. On the other hand, if the clearance
is too wide, there would be vibrations and rapid wear resulting in ultimate failure. Therefore,
the desired clearance to meet the requirements has to be provided. Similarly, to hold the shaft
tightly in the hole, there must be enough interference between the two so that forces of elastic
compression grip them tightly and do not allow any relative movement between them.

An ideal condition would be to specify a definite size to the hole and vary the shaft size for
a proper fit or vice versa. Unfortunately, in practice, particularly in mass production, it is not
possible to manufacture a part to the exact size due to the inherent inaccuracy of manufacturing
methods. Even if a part is manufactured to the exact size by chance, it is not possible to measure
it accurately and economically during machining. In addition, attempts to manufacture to the
exact size can increase the production cost.

Dimensional variations, although extremely small, do exist because of the inevitable
inaccuracies in tooling, machining, raw material, and operators. If efforts are made to identify
and reduce or eliminate common causes of variation, that is, if the process is kept under
control, then the resultant frequency distribution of dimensions produced will have a normal
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or Gaussian distribution, that is, 99.74% parts will be

/ \ well within +3 o limits of the mean value, as shown in
683% Fig. 3.1. Thus, it is possible to express the uncertainty

< > in measurement as a multiple of standard deviation.

This value is determined by the probability that a
measurement will fall outside the stated limits.

< 95% >
< 99.!74% > 3.2 PRINCIPLE OF INTERCHANGEABILITY
30 20 -loc X=0 lo 20 3o

For manufacturing a large number of components, it

Fig. 3.1

is not economical to produce both the mating parts
(components) using the same operator. Further, such
parts need to be manufactured within minimum possible time without compromising on quality.
To enable the manufacture of identical parts, mass production, an idea of the last industrial
revolution that has become very popular and synonymous with the present manufacturing
industry, becomes inevitable.

Modern production techniques require that a complete product be broken into various
component parts so that the production of each part becomes an independent process, leading
to specialization. The various components are manufactured in one or more batches by different
persons on different machines at different locations and are then assembled at one place.

To achieve this, it is essential that the parts are manufactured in bulk to the desired accuracy
and, at the same time, adhere to the limits of accuracy specified. Manufacture of components
under such conditions is called interchangeable manufacture.

When interchangeable manufacture is adopted, any one component selected at random
should assemble with any other arbitrarily chosen mating component. In order to assemble
with a predetermined fit, the dimensions of the components must be confined within the
permissible tolerance limits. By interchangeable assembly, we mean that identical components,
manufactured by different operators, using different machine tools and under different
environmental conditions, can be assembled and replaced without any further modification
during the assembly stage and without affecting the functioning of the component when
assembled. Production on an interchangeable basis results in an increased productivity with
a corresponding reduction in manufacturing cost. Modern manufacturing techniques that
complement mass production of identical parts facilitating interchangeability of components
have been developed. When components are produced in bulk, unless they are interchangeable,
the purpose of mass production is not fulfilled.

For example, consider the assembly of a shaft and a part with a hole. The two mating parts
are produced in bulk, say 1000 each. By interchangeable assembly any shaft chosen randomly
should assemble with any part with a hole selected at random, providing the desired fit.

Another major advantage of interchangeability is the ease with which replacement of
defective or worn-out parts is carried out, resulting in reduced maintenance cost. In addition,
the operator, by performing the same limited number of operations, becomes a specialist in
that work. By achieving specialization in labour, there will be a considerable reduction in
manufacturing and assembly time and enhancement in quality. Interchangeable manufacture
increases productivity and reduces production and time costs.

Normal or Gaussian frequency distribution
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In order to achieve interchangeability, certain standards need to be followed, based on which
interchangeability can be categorized into two types—universal interchangeability and local
interchangeability.

When the parts that are manufactured at different locations are randomly chosen for assembly,
it is known as universal interchangeability. To achieve universal interchangeability, it is desirable
that common standards be followed by all and the standards used at various manufacturing
locations be traceable to international standards.

When the parts that are manufactured at the same manufacturing unit are randomly drawn for
assembly, it is referred to as local interchangeability. In this case, local standards are followed,
which in turn should be traceable to international standards, as this becomes necessary to obtain
the spares from any other source.

3.2.1 Selective Assembly Approach

Today’s consumers desire products that are of good quality and, at the same time, reliable and
available at attractive prices. Further, in order to achieve interchangeability, it is not economical
to manufacture parts to a high degree of accuracy. It is equally important to produce the part
economically and, at the same time, maintain the quality of the product for trouble-free
operation. Sometimes, for instance, if a part of minimum limit is assembled with a mating part
of maximum limit, the fit obtained may not fully satisfy the functional requirements of the
assembly. The reason may be attributed to the issues of accuracy and uniformity that may not
be satisfied by the certainty of the fits given under a fully interchangeable system. It should be
realized that, in practice, complete interchangeability is not always feasible; instead, selective
assembly approach can be employed. Attaining complete interchangeability in these cases
involves some extra cost in inspection and material handling, as selective assembly approach
is employed wherein the parts are manufactured to wider tolerances. In selectively assembly,
despite being manufactured to rather wide tolerances, the parts fit and function as if they were
precisely manufactured in a precision laboratory to very close tolerances.

The issue of clearances and tolerances when manufacturing on an interchangeable basis
is rather different from that when manufacturing on the basis of selective assembly. In
interchangeability of manufacture, minimum clearance should be as small as possible as
the assembling of the parts and their proper operating performance under allowable service
conditions. Maximum clearance should be as great as the functioning of the mechanisms
permits. The difference between maximum clearance and minimum clearance establishes
the sum of the tolerances on companion parts. To manufacture the parts economically on
interchangeable basis, this allowable difference must be smaller than the normal permissible
manufacturing conditions. In such situations, selective assembly may be employed. This
method enables economical manufacture of components as per the established tolerances. In
selective assembly, the manufactur