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features of
CHAPTER
22

introDuCtion
A coupling, as the name indicates, connects two shafts,
one shaft being the output shaft of a prime mover (electric
motor or engine) and the other shaft being the input shaft
of a speed reduction unit. This type of coupling is called
the input (side) coupling. Now the output shaft of the
gear unit is coupled to the input shaft of the machine
(a machine tool) or the load (hoisting drum of a crane).
Being on the output side, this coupling is called the output
(side) coupling. Couplings are also used to connect two
adjacent sections of a long drive shaft or a line shaft.
These couplings are called mechanical couplings.

A coupling once assembled is permanent or it forms 
a permanent connection between the two components 
joined. The two halves of the couplings may be 
dismantled for doing repair or maintenance work on 
the two machines connected. A coupling is therefore 
called a permanent connection for all practical 
purposes. A clutch is also a coupling and it consists 
basically of two parts. But in operation the clutch has 
to be disconnected or disengaged and then engaged 
depending on the operational requirement. A clutch is 
therefore not a permanent connection.

22.1 ConstruCtion oF Coupling
A coupling generally consists of two halves connected 
to each other with a set of fasteners (bolts, nuts, and 
washers). Couplings are generally standardized items 
available in the market with standard designations and 
specific	numbers	(see	Figs	22.1	and	22.2).

The basic criterion for design of a coupling is the 
maximum torque that it can transmit without slip. 
A proper coupling ensures alignment between the 
connected shafts so that no premature damage occurs 
within the prime mover on one side and the driven 
machine on the other side. Rated torque at a particular 
speed	is	the	first	specification	of	a	coupling.

D

L

Output
side

Input
side

Key

Sleeve

d

d = diameter of shaft
Length L = 3d (mm)

D = 2d + 15 (mm)

Fig. 22.1 Muff coupling 

Bite off more than you can chew, then chew it. Plan more than you can do, then do it.
–Anonymous

Couplings

learning objectives

A sincere study of the chapter will impart adequate knowledge for understanding the following topics:
1. Coupling construction, types, rigid and fl exible couplings 
2. Design criteria, muff and split muff couplings
3. Rigid fl ange couplings, pin and bush type fl exible couplings
4. Splined and geared couplings
5. Design of turn buckle
6. Oldham’s and Hooke’s couplings
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Learning objectives
Each chapter of the book 
has a section on ‘Learning 
Objectives’, which lists the 
major topics discussed in  
the chapter. 

486 Couplings

1. A muff coupling has to be designed for
connecting two shafts transmitting 10 hp at 200
rpm. The shaft and the keys are made of the plain
carbon steel with Su = 680 MPa and Sy = 400 MPa.
The factor of safety specified for the shaft and the
keys is 2.5 whereas the factor of safety for the
sleeve (CI: Su = 250 MPa) is 5. Establish the main
dimensions of the couplings. (LO 2)
2. A rigid coupling is made of the two coupling
halves connected by six numbers of tight-fitting reamer
bolts. The coupling is used to connect two shafts, each
50 mm diameter. The bolt pitch circle diameter is 180
mm. Assuming the permissible shear stress of the shaft
material to be 50 MPa and the allowable shear stress in
the boltmaterial as 70MPa, find a standard bolt diameter
to transmit 40 kW at 1000 rpm of the coupling. (LO 3)
3. Six fitted (reamer) bolts are used in a rigid coupling
fitted on a shaft with a diameter D. A square key of
length 1.5 times the diameter of the shaft is used
between the coupling half and the shaft. The bolt pitch
circle diameter is 4 times the shaft diameter. If the
coupling and the shaft are equally strong in resisting
torque, find the bolt diameter in terms of the shaft
diameter D. Calculate the cross section of the square
key if it has to transmit the full torque. (LO 3)

4. The machine members on the input shaft of a gear
box have to be designed. The input power is 40 kW
at 940 rpm. The rigid coupling half is fitted on the
gear box input shaft by means of a standard square
key. The material used for the shaft and the key are
the same. The strength values of shaft in tension,
shear and compression are 80 MPa, 50 MPa, and 70
MPa respectively. The permissible shear stress in
the coupling bolt may also be taken as 70 MPa. Fix
the dimensions of the shaft, the key, coupling and the
coupling bolts and develop a neat sketch of the coupling
showing all the details and dimensions. (LO 3)
5. An electric motor (10 hp at 720 rpm) drives a
centrifugal pump. The shaft diameters of the motor and
the pump are 50 mm and 45 mm respectively. Assuming
suitable materials of construction for the parts of the
coupling, design and draw a pin and bush type flexible
coupling for the drive. Assume and mention the factors
of safety used in your design. (LO 3)
6. Design a turnbuckle for taking a tensile load of
50 kN on a bridge. Use appropriate materials, factors
of safety and relevant standards. Mention your
assumptions clearly in the design calculations. Draw
a dimensioned sketch of the turnbuckle after the
design. (LO 5)

exercises

answers

1. (c); 2. (c); 3. (a); 4. (b); 5. (d)

Multiple-choice Questions

1.	 A	coupling	is	intended	for	connecting
(a) a shaft and a gear 
(b) a shaft and a pulley
(c) two shafts
(d)	 a	shaft	and	a	flywheel

2.	 Which	of	the	following	is	a	flexible	coupling?
(a) Muff coupling
(b) Split muff coupling
(c) Pin and bush coupling
(d)	 Oldham	coupling

3.	 In	 rigid	 coupling	 with	 reamer	 bolts,	 torque
transmission occurs by

(a) bolt shear (c) bearing pressure
(b) frictional force (d) none of these

4.	 In	 a	 rigid	 coupling	using	 black	 bolts,	 torque	 is	
transmitted through the coupling by
(a) compression 
(b) friction
(c) shear resistance of bolts
(d) crushing resistance of bolts

5.	 In	an	unprotected	flange	coupling	the	connecting	
bolts are subjected to
(a) torsion (c) compression
(b) bending moment (d) none of these
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Multiple-choice 
Questions
Each chapter contains a 
wealth of multiple-choice 
questions along with the 
answers to check the 
readers' understanding  
of concepts.

Design of Machine Elements 221

Washer

Stud

(c)

Nut

Part 2

Part 1

Fig. 11.4 Threaded fasteners (a) Screw (b) Bolt 
and nut (c) Stud and nut

Image 11.1 shows a bolt with a plain washer, a 
spring washer, and a nut and Image 11.2 shows a large 
size bolt with SAE 10.9 marking.

Image 11.1 Bolt with plain washer, spring washer 
and nut

Image 11.2 Large size bolt with SAE 10.9 
marking

Bolts Though bolts are of many types and come 
in different designs, the basic function of a bolt is to 
hold two components together with a nut or two for 
clamping. Washers or annular discs slightly larger 
in diameter than the corresponding bolts, are used to 
protect the bolt head or the nut surface or the clamped 
surfaces during fixing and clamping. Nuts also 
distribute the loads over a larger area on the clamped 
surfaces.

Bolts are also called through bolts because they 
pass through the holes on the joined components and 
after assembly the bolt head is on one side and the 
clamping nut is on the other side of the joint. Bolts 
normally have hexagonal heads, plain shank portions, 
and a threaded portion at the other end. The length of 
the bolt depends on the details of the joint.

In bolted connections, single start threads only 
are used because their tendency to become loose 
is much less than in multiple start threads. For 
obvious reasons the latter are used in power screws 
which are intended for fast raising and lowering of 
loads.
Screws Screws do not require a nut at the other side 
of the joint. In one plate of the joint the shank is plain 
and in the other plate the hole is tapped into which 
the thread on the screw fits. The relative lengths of 
the plain and threaded portions are such that, when 
the bolt is tightened, the two plates are clamped 
together. Screws can also be called tap bolts.
Studs A cylindrical rod with threads cut on both 
ends is called a stud. One threaded end is screwed into 
a tapped hole in one plate or component (thicker) and 
other end with threads receives the nut for clamping 
the two parts. The hole in the other plate (thinner) is 
plain.
Cap screws Cap screws are similar to tap bolts 
but they are relatively small. The head is of various 
shapes as compared to tap bolts, which can have either 
a hexagonal head or a square head. 
Setscrews These are used to prevent relative motion 
between two components like a shaft and a hub. The 
threaded portion of the setscrew is turned into the 
first component and the point at the other end presses 
against the second component preventing it from 
moving relative to the first component.
Sems Sometimes a captive lock washer is set under 
the head of the screw. Such a combination is called a 
sem that saves time in assembly. 
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488 Chain Drives

unlike gear drives. All other things being equal, chain
drives are less expensive than gear drives but more
expensive than belt drives. Since chains do not require
initial tension the shafting is free from additional loads.
They are safe from fire hazards unlike belt drives.

In spite of so many good features chain drives have 
their own demerits. 
1. They can be used only for parallel shafts unlike 

belt and bevel gear or worm gear drives. 
2. Chain drives cannot be used where precise 

movement or adjustment is required. The reason 
is the polygon effect (also called chordal action) 
that will be discussed later in Section 23.5.

3. Unlike belt drives, a housing or cover is essential 
for chain drives from safety considerations. 

4. Their power transmission capacity is limited to 
around 100 kW. In high-speed operation, chain 
drives are noisy. 

5. The upper limit for chain speeds is generally 
set at 20 m/s and the transmission or speed ratio 
between the driving and the driven sprocket is 
limited to 8:1. In chain drives, the pitch circle 
diameters of the driving and driven sprockets 
decide the speed ratio of the chain drive.

23.2 types of chaIns
There are different types of chains for different 
purposes other than power transmission. A brief 
description of each type may not be out of place 
here. 

23.2.1 hoisting chains 
These chains are intended for lifting or hoisting 
of loads with chain pulley blocks, either manual or 
electrically operated. They are used in hoist blocks 
operating singly by chain or operating overhead on a 
track with remote control of hoisting, lowering, and 
travel. They find application in mines and quarries 
and at ferries and on ship anchors. These are generally 
made of elongated circular links and called link chains 
also (see Fig. 23.2).

fig. 23.2 (Contd)

fig. 23.2 Link chain diagram and sample

23.2.2 haulage chains 
Otherwise called conveyor chains, haulage chains 
are used predominantly in continuous conveying 
equipment like flight conveyors, apron conveyors, 
drag chain conveyors, and bucket elevators. These 
are generally block chains or roller chains with less 
operating friction (see Fig. 23.3). They consist of 
side plates or laminations, pins, sleeves, or roller or 
wheels. Block chains have simple constructional 
details like side link plates and pins for holding the 
plates together. See Figs 23.3 (a) and (b).

(a)

(b)

fig. 23.3 Haulage chains (a) Block chain 
(b) Block chain on a bicycle

23.2.3 chains for power transmission
The main requirement of these chains is low operating 
friction so that the tractive power of the prime mover 
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figures and images
The concepts are 

made easier to 
understand with the 

aid of numerous  
well-illustrated figures 

and actual images. 

DME_FM.indd   4 01-08-2017   14:37:30

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



Design of Machine Elements 467

We can now find Mt, the torque transmitting 
capacity of the splines.

Mt = pm × A × rm
A = (1/2) × (D – d) × l × n

rm = (D + d)/4

Mt = (1/8) × pm × l × n × (D2 – d2) (21.4)
In practical design, the permissible bearing 

pressure on the splines is limited to 6–7 N/mm2.
The other types of splines—with involute profile 

and serrated type—are shown in Fig. 21.11. 

(a) (b)

Fig. 21.11 (a) Involute Splines (b) Serrated 
splines

A simple example on a splined connection between 
a shaft and a sliding gear in a gear box is given as 
Example 21.5. 

Example 21.5 (LO 2) A splined connection has
8 splines with the major and minor diameters as
60 mm and 52 mm. The shaft is expected to transmit
20 hp at 200 rpm. If the permissible bearing pressure
on the splines is given as 6.5 MPa, calculate the
length of hub required for the splined connection to
be safe.
Solution: Given: kW = 20 hp × 0.746 = 14.92 kW; 
N = 200 rpm; pm = 6.5 MPa
For splines, D = 60 mm; d = 52 mm; n = 8
Torque transmitted by shaft (Mt)

M
Nt
kW

N-mm

=
× ×

=
× ×
× ×

=

60 10
2

60 10 14 92
2 200

712377 5

6 6

π π
.

.

From Eq. (21.4), length of the hub

l M
P n D d

l

=
−

=
[ ]

× −





=
≈

8 8 712377 5

6 5 8 60 52

122 32

2 2 2 2
t

m

mm

( )
.

. ( ) ( )

.
1125 mm

Questions
1. Explain the functions of a key.
2. Write down the names of different types of keys 

you are familiar with.
3. Differentiate between sunk keys, saddle keys, 

and feather keys.
4. Make neat sketches of a Woodruff key and a 

Kennedy key and explain how the power is 
transmitted through the key.

5. What are the materials used for making keys?
6. Explain the factors affecting the selection of a 

key for a particular application.
7. What is meant by splines in a hub or on a shaft? 

Explain with sketches.
8. Explain the similarity between the function of a 

key connection and a splined connection between 
two machine members. 

exercises
1. A gear wheel is fixed on a 32 mm diameter shaft by 
means of a square key. The key material has a value 
of 480 MPa for its yield strength. If the transmitted 
power is 30 kW at a shaft speed of 720 rpm and the 
specified factor of safety is 3, find the dimensions of 
the key. (LO 2)
2. A square key with side 16 mm and length 100 mm 
is used on a shaft 60 mm diameter. The starting torque 

of the motor is 50 per cent more than the rated torque. 
Assume the permissible stresses in tension, crushing 
and shear of the key material are 120 MPa, 80 MPa, 
and 50 MPa respectively, estimate the minimum design 
rating of the coupling. Mention the mode of failure of 
the key. (Refer Gope, pr. 13.2, p. 686) (LO 2)
3. A square key is used on a shaft of the same material 
and strength. Calculate the length L of the key in terms 
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exercises 
Most of the chapters 

support a wealth of 
numerical problems for 

practice.

456 Shafts

g = gravitational constant (m/s2)
yi = static deflections of the shaft at the respective 
masses mounted on the shaft (m)

In a similar manner, a careful analysis has to be 
made with the help of a vibration specialist of the 
torsional vibrations of a shaft carrying several types 
of rotating masses like gears, couplings, pulleys, and 
other rotors as the case may be. The estimation of the 
fundamental torsional resonant frequency is vital in 
this analysis and decision on the allowable operating 
speed for the system.

20.9 hoLLow ShAFtS
Hollow shafts are used when the shaft sizes are 
relatively large. It can be proved from the first 
principles that with an optimum wall thickness, a 
hollow shaft is equivalent to a solid shaft of the same 
outer diameter. Hollow shafts offer the same torsional 
rigidity than equivalent solid shafts. Moreover, they 
are lighter than solid shafts and have lower mass 
moment of inertia that helps in lesser starting times 
for machines with such hollow shafting. Propeller 
shafts for heavy engines and marine engines are good 
examples of hollow shafts.

We know with familiar notation of a shaft
θ = (Mt l)/JG (in radians) or
θ = (180/π) [(Mt l)/JG] (in degrees)

By substituting proper expression for J for a 
hollow shaft with d0 and di as the outer and the inner 
diameters,

J = π (d0
4 – di

4)/32 = π (d0
4 – C4 d0

4)/32

J = π d0
4(1 – C4)/32

where C = (di/d0)
By substitution and rearrangement of terms,

θ = (584 Mt l)/Gd0
4 (1 – C4) (in degrees)

Example 20.11 (LO 2) A hollow propeller shaft 
with outside diameter 1.5 times the inside diameter 
transmits 50 kW at 400 rpm. The permissible shear 
stress in the shaft material is 90 MPa. Find the outside 
and inside diameters of the propeller shaft.
Solution: Given: From Example 20.7
P = 50 kW
N = 400 rpm
τ = 90 MPa

d0 = 1.5 di

Step 1: Torque transmitted by shaft:

M P
Nt

N-mm

=
× ×

=
× ×
× ×

=

60 10
2

60 10 50
2 400
1193662 073

6

6
π

π
.

Step 2: Inner and outer diameters of shaft:

C d
d

M
d C

d

= = =

=
−

=
×

−

i

t

0

0
3 4

0
3

1
1 5

0 667

16
1

90 16 1193662 073
1 0

.
.

( )
.

(

τ
π

π .. )
.

.
.

667
43 83

1 5
29 22

4

0

0

d

d
d

=

= =

mm

mmi

Example 20.12 (LO 2) For the propeller shaft in 
Example 20.11, find the angle of twist of the shaft 
under the given conditions.
Solution: Given: Mt = 1193662.073 N-mm; G =
79300 N/mm2; C = 0.667; d0 = 43.83 mm

Let l = 1 m = 1000 mm
Angle of twist θ is given by

θ

θ

=
−

=

584
1

584 1193662 073 1000
79300 43 83

0
4 4

4

M l
Gd C

t

( )
( . )( )

( )( . ) (11 0 667
2 97

4−
= °

. )
.

Angle of twist per meter length θ = 2.97°.

20.10 CirCLiPS
Circlips are open circular rings normally used 
on shafts to allow rotation but to prevent lateral 
movement. The word is derived from the two words, 
circle and clip. Other names of a circlip are C-clip, 
Jesus clip, and snap ring. A circlip serves the purpose 
of a retaining ring or a fastening ring which can be 
mounted externally on a round shaft or a circular 
member or internally in a hollow circular space like 
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solved examples 
Discussion on each topic 

is followed by solved 
numerical examples to 

enable application of the 
concepts learned.

the Book

440 Rolling Bearings

2. It seals the interior of a bearing against ingress of 
foreign matter from outside. 

3. It forms a protective film on the surfaces and
prevents corrosive action by external contaminants.

4. It spreads the generated heat uniformly over the 
surfaces and minimizes thermal distortions.

5. It helps in dissipation of the internally generated 
heat.

Both oil and grease are used for the lubrication of 
anti-friction bearings. Both have their own merits and 
demerits. 

Oils are more fluid than grease and are more 
effective in frictional heat dissipation. By virtue of 
their flowability, oils have greater access to all regions 
in a bearings-wide or narrow. Oils are capable of 
transporting dirt or contaminant particles out of the 
bearing for filtration.

Grease lubrication is simple and does not need 
elaborate recirculation circuits. The design and 
maintenance of grease-lubricated bearings are much 
simpler. Other points in favour of grease lubrication 
are: (a) grease is more effective in shutting off ingress 
of dust than oil and (b) leakage is much less with 
grease than oil.

Some important points regarding the selection of 
oil or grease are given only for general guidance to the 

engineer. A bearing manufacturer’s recommendation 
should always be final.

Greases are suitable when

1. operating temperatures are below 95–100°C. 
2. operating speeds are relatively low. A general 

recommendation is that when the bore of the 
bearing multiplied by the rotational speed in rpm 
is below, greases would be suitable.

3. prevention of ingress of dust and foreign matter 
from outside is a prime concern.

4. load on the bearing is relatively low.
5. effective sealing on the bearing cannot be 

provided or is expensive for the application.
6. regular maintenance is not foreseen or cannot be 

provided.

Oils are best suited when
1. operating temperatures are higher than 100°C, 

when most of the greases melt and are ineffective.
2. speeds are high and oil film generation is 

possible through hydrodynamic action within the 
bearing.

3. the bearing loads are high.
4. effective sealing can be provided in the bearing.
5. central lubrication system is already available for 

serving other machine parts.

Questions

1. What is a bearing and what are its functions?
2. Explain the difference between rolling bearings 

and roller bearings.
3. What is the meaning of anti-friction bearing?
4. Name the different types of anti-friction bearings 

in general use.
5. Differentiate between ball bearings and roller 

bearings.
6. Explain the concept of self-aligning in rolling 

bearings. Give examples.
7. How does a rolling element bearing differ from a 

sliding bearing?
8. Describe briefly the applications of sliding and 

rolling-contact bearings.
9. Mention the names of various types of ball 

bearings and roller bearings.
 10. Explain the features of cylindrical roller bearings. 

In which applications are they preferred?

 11. Explain the advantages of self-aligning ball 
bearings and spherical roller bearings.

 12. Write note on the applications of taper roller 
bearings. Draw a line sketch to illustrate where 
they are typically used.

 13. Explain the reason why taper roller bearings are 
used in pairs on a shaft.

 14. Define the terms, static capacity and dynamic 
capacity, of a rolling-contact bearing.

 15. Write down Stribeck’s formula and explain the 
terms.

 16. What is the significance of the static capacity of a 
rolling element bearing?

 17. Define the dynamic capacity of a rolling-contact 
bearing.

 18. What is rating life of a ball bearing?
 19. Explain the terms, L10 life and L50 life for a ball 

bearing and a roller bearing.
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Review Questions
Each chapter contains 
numerous questions to 
help students during exam 
preparation.  
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Preface
If engineering is applied science, design could be termed as ‘applied engineering’. The objective of engineering 
design is to create a device or equipment with a specific purpose for enhancing the comfort or living standards 
in the society.

Design phase is considered to be extremely crucial in the engineering industry followed by production, 
procurement, and sales. A design transforms an idea or a need into a tangible reality through creativity and 
innovative skills. Study of engineering is incomplete without knowledge of at least the principles of design. 
A knowledge of the principles of design and the ability to study and understand an engineering drawing 
highly enhances the skillset of an engineer.

The idea behind writing this book on the design of machine elements is to educate mechanical engineering 
students on the principles of all important machine elements, components, and small devices. Though a prior 
knowledge of engineering mechanics and strength of materials is necessary, the initial chapters of the book 
cover the principles of design in brief. The students are gradually drawn into the intricacies of each topic 
in the chapters through an easy introduction, graded worked examples and practical examples, sketches, line 
diagrams, and even photographs where necessary.

About the Book
The book contains 34 chapters, beginning with the basic theoretical principles and then moves on to practical 
design of simple machine elements such as keys and oil seals and gaskets, and finally culminates in complex 
machine components such as crane and machine tool gear boxes, automobile transmission, and piping.

The language of the text is simple and lucid, while at the same time conveying all the concepts clearly. The 
theory is well balanced with a number of well-illustrated examples. Most of the diagrams have been drawn in a 
manner that helps a student to easily understand and redraw them during exams.

Key Features
 • Each chapter contains a set of review questions and numerous exercises to be attempted by the student 

independently. More than 370 multiple-choice questions with answers have also been provided.
 • Select example problems contain a solution outline that provides a quick snapshot of the steps to be used for 

solving the problem
 • Includes photographs of various machine components that are directly relevant to the discussion
 • Includes exclusive chapters on piping that assumes significance in transportation of fluids, and machine tool 

beds and slideways that provide a quick overview of machine tool design

Contents and Coverage
Each chapter commences with a list of learning objectives (LO’s), which inform the student what he/she is 
going to learn in the chapter. After a brief introduction, the student is initiated into the topics in a graded way, 
avoiding unnecessary mathematical equations and derivations. The idea is to treat the subject in a practical way 
based on the standards and design factors that are used in industrial practice. 
Chapter 1 is an introduction to machine design and all the terminology relevant to the development of a design 
useful for realization in the workshop and end use by the customer.
Chapter 2 deals with the analysis of loads, which is the starting point for determining the size of a machine 
element.
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Preface vii

Chapter 3 discusses at length the properties of materials used in the construction of machines and their treatment 
for improving the original properties.
Chapters 4 and 5 deal with stresses, deflections, equilibrium, and stability of machine parts subjected to static 
loads. 
Chapter 6 discusses combined loading of machine parts while Chapter 7 handles the important topic of how 
machine components under loading undergo failure.
Chapter 8 details the situation when machine elements are subjected to variable loads.
Chapter 9 is devoted to a discussion on the damage to the surfaces of machine parts in contact and in relative 
motion.
Chapters 1–9 constitute the introduction and base for the practical design of specific machine elements and 
components discussed in Chapters 10–34.
Welding and welded joint design is given in Chapter 10 while threaded fasteners (bolts, nuts, and washers) are 
discussed in Chapter 11.
Chapter 12 is devoted to power screws used for lifting and lowering loads and in industrial compactors.
Chapter 13 talks about mechanical springs and other springs that are indispensable in engineering practice. 
Plain bearings, also known as bush or sleeve bearings are discussed in Chapter 14.
Chapters 15–18 discuss gears, without which engineering cannot be imagined. Spur, helical, bevel, and worm gears, 
are explained in these chapters respectively. 
Chapter 19 deals with rolling bearings, otherwise called anti-friction bearings. 
Shafts, keys, and couplings, which are always together in any assembly, are handled in Chapters 20, 21, and 22 
respectively.
Different types of power transmission like chain drives, wire ropes, drums, and pulleys, and belt drives are 
explained in Chapters 23, 24, and 25 respectively. 
Chapter 26 is devoted to IC engine components, which utilize all the principles discussed in the previous 
chapters.
Clutches, brakes, and flywheels find their place in Chapters 27, 28, and 29.
Chapter 30 gives brief details of oil seals and gaskets. 
Chapters 31, 32, 33, and 34 can be deemed as special chapters giving additional information over and above 
that required for under-graduate studies.
Chapter 31 discusses the design details of rivetted joints and pressure vessel design with stress on riveted and 
welded joints.
Chapter 32 gives the theory and examples of multi-stage and multi-speed gear box design in machine tools and 
in automobiles—both manual and automatic.
Chapter 33 describes machine tool beds, slideways, spindles, and other structural parts. 
Chapter 34 deals with the theory and principles of piping design, and is not found in many machine design 
books. It will be very useful for engineers to refresh fundamentals in the topics and gain confidence in dealing 
with piping design and site installation.

Online Resources
The following resources are available to support the faculty and students using this text.

For faculty: For faculty and students:
 • Solutions manual
 • PowerPoint lecture slides

 • Photographs of machines illustrated in the book
 • Additional multiple-choice questions with answers

DME_FM.indd   7 01-08-2017   14:37:31

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



viii Preface

Acknowledgements
Firstly, I acknowledge the inquisitiveness of my students who honed my knowledge of the subject. This book 
is mainly based on my class notes that were prepared, keeping in view the needs and difficulties of the students 
in understanding the subject. Intelligent questions posed by students served as guidelines in drafting the text in 
this book. I specially thank four of my students of the 2012–2016 batch of Mechanical Engineering—K. Sourya 
Rakshit, N. Neeharika, B. Vijaya Narayana, and B. Moulika—for helping me with the solutions to some of 
the problems present in the book. I sincerely thank the editors at Oxford University Press India for getting the 
manuscript whetted by peers and shaping it so beautifully for the readers.

The enormous data I had collected during my industrial career spanning over twenty five years in design, 
engineering, and project management gave me a definite direction in drafting the manuscript.

I specially thank my colleagues in the teaching profession for encouraging me to take up this difficult project. 
My special thanks are to my friend who supplied the appropriate colour photographs with the help of his personal 
camera. I am grateful to my colleague, Prof. D. Varadaraju for his appreciation of my work, particularly the 
hand-drawn figures and diagrams.

I acknowledge M/s Transheat Technologies EDC, 256, Sahakarnagar Society, Near Swathi Sports Ground, 
New Sama Road, Vadodara, Gujarat, for their help in solving some of the problems by ANSYS. Last but not 
the least, I give full credit to my wife, Subhadra Devi, who patiently encouraged me while I was working long 
hours on the book.

Kamaraju Ramakrishna

DME_FM.indd   8 01-08-2017   14:37:31

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



Brief Contents

Features of the Book iv
Preface vi

Detailed Contents x

1. Design of Machine Elements—A Perspective 1
2. Load Analysis 34
3. Engineering Materials 60
4. Static Body Stresses 84
5. Deflection and Stability 106
6. Principal Stresses 130
7. Theories of Failure 143
8. Fluctuating Loads 153
9. Surface Damage 185

 10. Welded Joints 195
 11. Threaded Fasteners 219
 12. Power Screws 251
 13. Springs 277
 14. Plain Bearings 310
 15. Spur Gears 339
 16. Helical Gears 370
17. Bevel Gears 383
18. Worm Gears 397
19. Rolling Bearings 415
20. Shafts 444
21. Keys 461
22. Couplings 469
23. Chain Drives 487
24. Wire Ropes, Drums, and Pulleys 503
25. Belt Drives 518
26. IC Engine Components 542
27. Clutches 573
28. Brakes 586
29. Flywheels 606
30. Oil Seals and Gaskets 620
31. Pressure Vessels and Rivetted Joints 627
32. Gear Boxes and Planetary Gears 659
33. Machine Tool Beds and Slideways 683
34. Piping 689

Index 700
About the Author 707

DME_FM.indd   9 01-08-2017   14:37:31

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



Detailed Contents

Features of the Book iv

Preface vi

Brief Contents ix

1.  Design of Machine Elements—
A Perspective 1

1.1 Meaning of Design 2
1.2 Engineering Design 2

 1.3 Creativity 2
1.4 Analysis and Synthesis 3
1.5 Design Constraints 3
1.6 Safety Factor 4

 1.7 Uncertainty 4
1.8 Importance of Factor of Safety 5
1.9 Examples of Factors of Safety 5

1.10 Stages in Machine Design 6
1.11 Societal Considerations 8
1.12 Maslow’s Content Theory 8
1.13 Ecological Considerations 9
1.14 Ethics for Design Engineers 9
1.15 Design Standards and Codes 10
1.16 Benefits of Standardization 10
1.17 Categories of Design Standards 11

1.17.1 Material Standards 11
1.17.2 Dimension Standards 11
1.17.3 Surface Finish Standards 11
1.17.4 Testing Standards 11
1.17.5 Engineering Drawing Standards 11
1.17.6 Individual Company Standards 12
1.17.7 International Standards 12

1.18 Systems of Units 12
1.18.1 Base Units 12

1.19 Methodology for Design Problems 14
1.19.1 Systematic Design Procedure 14

1.20 Work and Energy 14
1.21 Power 15
1.22 Conservation of Energy 16
1.23 Preferred Numbers 17
1.24  Design for Manufacture and Assembly 19

1.24.1 Casting 19
1.24.2 Welding or Fabrication 20
1.24.3 Forging 20
1.24.4 Machining 20

1.24.5 Design for Assembly 21
1.25  Surface Finish, Limits, Fits,  

and Tolerances 21
1.25.1 Surface Finish 21
1.25.2  Limits, Fits, and Tolerances 22

1.26 Unilateral and Bilateral Tolerances 23
1.27 Fits 24
1.28 Tolerance Grades 24
1.29 Machining Cost and Tolerances 27
1.30 Reliability in Design 27
1.31 Aesthetics in Design 28
1.32 Product Range 28

1.32.1	 	Unified	Series	and	Parametric	
Series 28

1.33  Concurrent Approach in Engineering 29
1.34 Ergonomic Design 30

2. Load Analysis 34
2.1 Types of Loads 34

2.1.1 Static Loads 35
2.1.2 Fluctuating Loads 35

 2.2 Failure 36
2.2.1 Modes of Failure 36

2.3 Equilibrium Equations 37
2.4 Free Body Diagrams 38

2.4.1 Knuckle Joint 39
2.4.2 Cotter Joint 41
2.4.3 Gib and Cotter Joint 43

 2.5 Levers 43
2.5.1 Bell Crank Lever 44
2.5.2 Design of Levers 45

2.6 Beam and Column Loading 47
2.7 Force Flow 48
2.8 Critical Section Concept 48
2.9 Redundancy Concept 49

2.10 Stiffness 50
2.10.1 Types of Spring Rates 51

2.11 Preloading 51
2.12 Residual Stresses 52

DME_FM.indd   10 01-08-2017   14:37:31

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



Detailed Contents xi

3. Engineering Materials 60
3.1 Selection of Material 60

3.1.1  Factors Affecting Selection 
of Material 62

3.2 Stress–Strain Diagram 62
3.2.1 Proportionality Limit 62
3.2.2 Elastic Limit 62
3.2.3 Modulus of Elasticity 63

 3.3 Strength 63
3.3.1	 Significant	Strength	 63
3.3.2 Design Overload 64
3.3.3 Yield Strength 64
3.3.4 Offset Point 64
3.3.5 Proof Strength and Proof Load 65
3.3.6 Ultimate Tensile Strength 65
3.3.7 Working Stress 65
3.3.8 Ductility 65
3.3.9 Malleability 65
3.3.10 Plasticity 65
3.3.11  Strain Hardening and Work 

Hardening 66
3.3.12 Resilience 66
3.3.13 Toughness 67
3.3.14 Stiffness and Rigidity 67
3.3.15 Modulus of Rigidity 67
3.3.16 Poisson̛s Ratio 67
3.3.17 Relation between E and G 68
3.3.18 Bulk Modulus 68
3.3.19 Brittleness 68
3.3.20 Creep 68
3.3.21 Hardness 68

3.4 True Stress 69
3.4.1 Energy Absorbing Capacity 70
3.4.2 Machinability 70
3.4.3 Assessment of Machinability 70
3.4.4 Material Selection Charts 71

3.5 Engineering Materials 71
3.5.1 Steel 71
3.5.2 Alloy Steels 72
3.5.3 Alloying Elements 72
3.5.4 Applications of Alloy Steels 73

3.6 Heat Treatment of Steel 74
3.6.1 Annealing 74
3.6.2 Normalizing 74
3.6.3 Hardening 74
3.6.4 Quenching 74
3.6.5 Tempering 75

3.7 Mass Effect and Ruling Section 75
3.7.1 Surface Hardening 75

3.7.2 Flame Hardening 76
3.7.3 Induction Hardening 76

3.8 Cast Iron 76
3.8.1 Grey Cast Iron 77
3.8.2 White Cast Iron 77
3.8.3 Malleable Cast Iron 77
3.8.4 Spheroidal Graphite Iron 77
3.8.5 Alloy Cast Iron 77

3.9 Non-ferrous Metals and Alloys 78
3.9.1 Aluminum Alloys 78
3.9.2 Magnesium Alloys 79
3.9.3 Copper Alloys 79
3.9.4 Nickel Alloys 79
3.9.5 Titanium Alloys 79
3.9.6 Zinc Alloys 79

3.10 Ceramics 79
3.11 Plastics 79
3.12 Natural Rubber and Elastomers 80
3.13 Composite Materials 80
3.14 Other Modern Materials 80

3.14.1 Biomaterials 81
3.14.2 Smart Materials 81
3.14.3 Nanomaterials 81

4. Static Body Stresses 84
4.1 External Static Loads 84

4.1.1 Axial Load 84
4.1.2 Direct Shear 86
4.1.3 Shear Strain 87
4.1.4 Shear Due to Torsion 87
4.1.5 Bending Loads 88
4.1.6  Curved Beams and Pure Bending 89

4.2 Transverse Shear 96
4.3 Stress Concentration 97

4.3.1 Stress Concentration Factor 97
4.3.2 Types of Stress Concentration 98
4.3.3  Fatigue Stress Concentration  

Factor, Kf 98
4.3.4  Measurement of Stress 

Concentration Factors 99

5. Deflection	and	Stability 106
 5.1 Stability 106
5.2 Deflection 106
5.3 Types of Beams 108
5.4 Deflection of Beam 108
5.5 Spring Rate 112
5.6 Castigliano’s Method 113

DME_FM.indd   11 01-08-2017   14:37:31

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



xii Detailed Contents

5.6.1  Derivation of Castigliano’s 
Theorem 113

5.7  Stability, Slenderness, and Buckling 114
5.7.1  Elastic Instability and 

Slenderness Ratio 115
5.7.2 Euler’s Theory of Columns 115
5.7.3 End Fixity of Columns 116
5.7.4 Johnson’s Parabolic Formula 118
5.7.5 Rankine-Gordon Formula 120
5.7.6  Primary Buckling and  

Local Buckling 121
5.8 Laterally Loaded Struts 121
5.9 Eccentric Loading of Columns 122

5.9.1 Secant Formula 122
5.9.2  Comparison of Secant 

Formula and Euler Equation 123
5.10 Equivalent Column Stresses 123
5.11 Short Compression Members or Struts 124
5.12  Introduction to Finite Element  

Analysis 125

6. Principal Stresses 130
6.1  Normal Stresses and Principal Stresses 130
6.2  Notation Used in Principal Stresses 131
6.3 Concept of Principal Stresses 131
6.4 Mohr’s Circle 132
6.5  Three-dimensional Stresses 

and Cubic Equation 133
6.6 Stress Concentration 135
6.7 Typical Stress Raisers 136
6.8 Analysis of Stress Concentration 136
6.9 Stress Concentration Factor, Kt 136

6.9.1 Effect of Type of Loading 136
6.9.2 Determination of Kt 137

6.10 Reduction of Stress Concentration 137
6.11 Introduction to Fracture Mechanics 139

6.11.1 Modes of Deformation 139
6.11.2 Stress Intensity Factor, K 140

7. Theories of Failure 143
7.1 Failure Theories 143

7.1.1  Maximum Principal Stress 
Theory 144

7.1.2  Maximum Shear Stress Theory 144
7.1.3 Distortion-Energy Theory 145
7.1.4  Maximum Principal Strain  

Theory 146
7.1.5 Strain Energy Theory 146

7.2 Observations on Theories of Failure 146
7.3 Modified Mohr’s Theory 147

8. Fluctuating Loads 153
 8.1 Fatigue 153

8.1.1 Fatigue Life 154
8.1.2 Endurance Limit 154
8.1.3 Fatigue Testing 155
8.1.4 S–N Curves 155
8.1.5 Constant Amplitude Tests 156
8.1.6 Variable Amplitude Tests 156
8.1.7 Cumulative Damage 156
8.1.8  Approximate Estimation  

of Endurance Limit 157
8.1.9  Factors Affecting 

Endurance Limit 157
8.2 Derating Factors 158

8.2.1 Surface Finish Factor, Ka 159
8.2.2 Size Factor, Kb 159
8.2.3 Kugel’s Equality 160
8.2.4 Reliability Factor, Kc 160
8.2.5  Factor, Kd, for Stress  

Concentration 161
8.2.6 Notch Sensitivity 161
8.2.7 Fatigue Stress Concentration 161

8.3 Low Cycle Fatigue 162
8.4 Design Against Fatigue 162

8.4.1	 Infinite-life	Design	 162
8.4.2 Finite-life (Safe-life) Design 163
8.4.3 Fail-safe Design 163
8.4.4 Damage-tolerant Design 163

8.5  Design for Finite- and Infinite-life 
(Reversed Load) 163
8.5.1	 Infinite	Life	(Reversed	Load)	 163
8.5.2 Finite Life (Reversed Load) 163

8.6  Gerber Line, Soderberg Line, 
and Goodman Line 164
8.6.1 Gerber Line 165
8.6.2 Soderberg Line 165
8.6.3 Goodman Line 165

8.7 Modified Goodman Diagram 165
8.7.1  Fluctuating Axial and 

Bending Loads 166
8.7.2  Fluctuating Torsional 

Shear Stresses 166
8.8  Combined Stresses Causing 

Fatigue Failure 173
8.9 Shock and Impact 175

8.9.1 Impulse 176

DME_FM.indd   12 01-08-2017   14:37:31

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



Detailed Contents xiii

8.9.2  Stresses and Deformations 
under Impact Loads 176

8.9.3 Impact Factor 177
8.9.4  Determination of Impact 

Stress 178
8.10 Effect of Stress Raisers 180
8.11 Torsional Impact Strength 180

9. Surface Damage 185
9.1 Causes of Surface Damage 185
9.2 Ways of Reducing Wear 186

 9.3 Wear 186
9.3.1 Adhesive Wear 186
9.3.2 Abrasive Wear 187

9.4 Categories of Component Wear 187
9.4.1 Galling 187
9.4.2 Spalling 187
9.4.3 Pitting 187
9.4.4 Fretting 187
9.4.5 Scoring 188

9.5 Wear Equations 188
9.5.1  Rotating Disc and Rubbing 

Pin Experiment 188
9.6 Contact Stresses at Curved Surfaces 189

9.6.1 Two Spheres in Contact 189
9.6.2 Two Cylinders in Contact 190

9.7 Hertz’s Theory of Contact Stresses 190
9.8  Methods to Improve Resistance  

to Surface Damage 191
9.8.1 Shot-peening 191
9.8.2 Cold Rolling 191
9.8.3 Coining 192
9.8.4 Sand Blasting 192
9.8.5 Other Methods 192

 9.9 Conclusion 192

10. Welded Joints 195
10.1 Arc Welding Process 195
10.2 Characteristics of Welded Joints 196
10.3  Mechanical Engineering  

Applications of Welding 196
10.4 Welding Processes 197

10.4.1  Shielded Metal Arc Welding 197
10.4.2 Gas Welding 197
10.4.3 Gas Metal Arc Welding 197
10.4.4 Gas Tungsten Arc Welding 198
10.4.5 Submerged Arc Welding 198
10.4.6  Electric Resistance Welding 198
10.4.7 Thermit Welding 198

10.4.8 Hard Facing 199
10.5 Weldability of Metals 199
10.6  Typical Observations on Welding 

of Metals 199
10.6.1 Carbon Steel 199
10.6.2 Alloy Steels 200
10.6.3 Stainless Steel 200
10.6.4 Cast Iron 200

10.7 Electrodes and Materials 200
10.8  Designation of Welding 

Electrodes 201
10.9 Welded Joints 201

10.9.1 Butt Welds 201
10.9.2 Fillet Welds 202

10.10 Distortion Due to Welding 203
10.11 Welding Symbols 203
10.12 Defects in Welds 204
10.13  Inspection, Testing, and  

Rectification of Welds 205
10.14  Heat Treatment of Welded 

Components 205
10.14.1 Preheating 205
10.14.2  Post-Heating and 

Stress Relieving 205
10.15 Terminology of Welded Joints 206

10.15.1  Full Penetration 
Butt Welds 206

10.15.2 Fillet Welds 206
10.16 Strength of Welded Joints 207

10.16.1 Butt Welds 207
10.16.2 Fillet Welds 209

10.17 Fluctuating Loads on Welds 211
10.18  Unsymmetrical Welded Joints 

in Tension 212
10.19  Welded Joints with Co-planar 

Eccentric Loads 213
10.20  Welded Joints Under 

Bending Moment 214
10.21  Welded Joints Subjected 

to Torsion 215

11. Threaded Fasteners 219
11.1  Forms and Terminology 

of Threads 219
11.2 Types of Threaded Fasteners 220

11.2.1  Standard Head Shapes 
of Bolts and Screws 222

11.3 Locking Devices 222

DME_FM.indd   13 01-08-2017   14:37:31

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



xiv Detailed Contents

11.3.1 Lock Nut 222
11.3.2  Main Nut With Spring Washer 223
11.3.3 Castle Nut With Split Pin 223
11.3.4 Main Nut With Setscrew 223

11.4  Advantages and Disadvantages 
of Threaded Fasteners 223

11.5 Standard Screw Threads 224
11.6 Selection of Materials 225
11.7 Manufacture of Fasteners 226
11.8 Coarse Threads and Fine Threads 227

11.8.1  Simple Analysis of 
Bolted Joint 228

11.8.2  Joints with Eccentrically 
Loaded Bolts 231

11.9 Bolt Tightening 235
11.9.1 Initial Tension 235
11.9.2  Determination of 

Initial Tension 236
11.10 Bolt Loads and Stresses 237
11.11 Loss of Initial Tension 238
11.12 Analysis of Bolted Connections 238

11.12.1 Free Body Diagrams 238
11.12.2 Stresses in Bolts 238

11.13  Bolt Tensions under  
Operational Loads 240

11.14 Bolted Joints with Gaskets 242
11.15  Elastic Analysis of Bolted Joints 243
11.16 Bolts Under Fatigue Loading 243

11.16.1 Kimmelman Line 244
11.17 Stress Concentration 244

12. Power Screws 251
12.1 Construction of Power Screw 251
12.2  Merits and Demerits  

of Power Screws 252
12.3 Recirculating Ball Screws 253
12.4 Threads in Power Screws 253

12.4.1 Square Threads 253
12.4.2 Trapezoidal Threads 254
12.4.3 Acme Threads 254
12.4.4 Buttress Threads 254

 12.5 Terminology 254
12.6  Standard Dimensions of Power 

Screws 254
12.7 Torque Values 254

12.7.1  Torque Required for 
Lifting or Raising (Tr) 255

12.7.2  Torque Required for  
Lowering (Tl) 255

12.8 Self-Locking of Power Screws 256
12.9 Efficiency of Power Screw 256

12.10  Friction Collar and Coefficient 
of Friction 257
12.10.1  Trapezoidal and Acme 

Threads 259
12.11 Efficiency of Self-Locking Screw 260
12.12 Stresses in Power Screws 261

12.12.1  Bearing Stress on 
Thread Flank 262

12.12.2  Buckling Loads 
on Power Screws 264

12.13  Differential and Compound  
Power Screws 265
12.13.1  Differential Power Screws 265
12.13.2  Compound Power Screws 266

12.14  Power Required for Lifting 
or Lowering Loads 267

12.15 Design of Screw Jack 268
12.15.1 Frame 268
12.15.2 Nut 269
12.15.3 Screw 269
12.15.4 Cup 269
12.15.5 Handle 269
12.15.6  Setscrew, Fixing Nuts, 

and Washers 270

13. Springs 277
13.1 Uses of Mechanical Springs 277
13.2 Functions of Mechanical Springs 277
13.3 Types of Springs 278

13.3.1 Compression Springs 278
13.3.2  Helical Springs with  

Unequal Pitch 278
13.3.3 Conical Springs 278

13.4 Spring Materials 279
13.5 Analysis of Stresses 280

13.5.1	 Spring	Deflection	 281
13.6 Factor of Safety in Springs 282
13.7 End Types of Compression Springs 283
13.8 Design Against Fluctuating Loads 287
13.9  Pre-loading in Compression  

Springs 288
13.10 Concentric Springs 288

13.10.1 Assumptions in Design 289
13.11 Surge in Coil Springs 291

13.11.1 Analysis of Spring Surge 292
13.12 Tension Springs 292

DME_FM.indd   14 01-08-2017   14:37:31

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



Detailed Contents xv

13.13 Helical Torsion Springs 295
13.13.1  Analysis of Torsion 

Springs 295
13.14 Spiral Springs 296

13.14.1 Analysis of Spiral Springs 296
13.15 Leaf Springs 297

13.15.1  Analysis of Multi-leaf 
Spring 298

13.15.2  Nip and Nipping 
of Leaf Springs 299

13.15.3 Length of Leaves 300
13.16 Belleville Springs 302

13.16.1  Analysis of Belleville 
Springs 303

13.17 Other Types of Springs 304
13.18 Rubber Springs 304

13.18.1 Merits of Rubber Springs 305
13.18.2  Behaviour under 

Compressive Load 305
13.19 Air Springs 305

14. Plain Bearings 310
14.1 Types of Bearings 310

14.1.1 Sliding Bearings 310
14.1.2 Rolling Element Bearings 311

14.2 Factors for Selection of Bearing 311
14.3 Lubrication of Journal Bearings 312
14.4 Types of Lubrication 312

14.4.1 Hydrostatic Lubrication 313
14.4.2 Hydrodynamic Lubrication 313
14.4.3  Elastohydrodynamic  

Lubrication 313
14.4.4 Boundary Lubrication 313
14.4.5 Solid Film Lubrication 313
14.4.6 Self-lubrication 314

14.5  Principle of Hydrodynamic 
Lubrication 314

 14.6 Viscosity 315
14.6.1  Measurement of Viscosity 316
14.6.2 Viscosity Index 317

14.7 Petroff’s Equation 317
14.8 Investigations of McKee 318

14.8.1 McKee’s Equation 319
 14.9 Heat Generated in Sliding Bearings 320
14.10  Heat Dissipated from  

Sliding Bearings 321
14.10.1 Lasche’s Equation 321

14.11  Hydrodynamic Bearings  
Terminology 325

14.12  Reynolds Equation 
and Sommerfeld Number 326

14.13  Variables in Sliding Bearings 
(Raimondi–Boyd Curves) 327
14.13.1	 	Coefficient	of	Friction	

Variable 327
14.13.2  Minimum Film Thickness 

Variable 327
14.13.3 Flow Variable 327
14.13.4 Flow Ratio 327
14.13.5 Temperature Rise Variable 327
14.13.6  Maximum Pressure  

in Oil Film 328
14.14  Design Principle of Hydrostatic 

Bearings 330
14.14.1 Oil Flow through Slots 331
14.14.2 Hydrostatic Step Bearing 331
14.14.3 Conical Thrust Bearing 332
14.14.4 Flat Pad Thrust Bearings 333
14.14.5 Sintered Metal Bearings 334

15. Spur Gears 339
15.1 Types of Drives 339
15.2 Gear Trains 340

15.2.1 Simple Gear Train 341
15.2.2 Compound Gear Train 341
15.2.3 Reverted Gear Train 341
15.2.4 Planetary Gear Train 342

15.3 Benefits of Gears Usage 342
15.4 Open Gears and Closed Gears 342
15.5 Requirements of Gear Boxes 342
15.6 Types of Gears 343
15.7 Geometry of Gears 343
15.8 Law of Gearing 344

15.8.1 Interference 345
15.9 Cycloidal Gear Teeth 345

15.10 Gear Tooth Terminology 345
15.11 Special Features of Involute Profile 347
15.12  Standard Systems for Gear  

Tooth Shape 347
15.13 Manufacture of Gears 349

15.13.1 Cast Gears 349
15.13.2 Formed Gears 349
15.13.3 Machined Gears 349

15.14  Running-in Operation 
of Gear Reducers 350

15.15  Degree of Accuracy 
and Quality Grades 350

15.16 Backlash 350

DME_FM.indd   15 01-08-2017   14:37:32

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



xvi Detailed Contents

15.17 Crowning of Gears 351
15.18 Materials for Gears 352
15.19 Design Criteria for Gears 353

15.19.1 Beam Strength of Gears 353
15.19.2 Dynamic Loads on Gears 356
15.19.3 Buckingham Method 357
15.19.4 Wear Strength of Gears 359

15.20 Estimation of Module 361
15.20.1  Module as per Velocity 

Factor Method 361
15.20.2  Module as per Wear Strength 361

15.21 Failure of Gears 364
15.21.1 Breakage Due to Overload 365
15.21.2 Fatigue Fracture 365
15.21.3 Frosting 365
15.21.4 Cold Flow 365
15.21.5 Rippling 365

16. Helical Gears 370
16.1 Engagement of Helical Gears 370
16.2  Tooth Load Components 

in Helical Gears 371
16.3 Helical Gear Configuration 372

16.3.1 Virtual Number of Teeth 373
16.3.2 Helical Gear Dimensions 373

16.4 Beam Strength and Lewis Equation 374
16.5 Effective Tooth Load 374
16.6 Velocity Factor (Barth’s Equations) 375
16.7  Buckingham’s Equation  

for Helical Gears 375
16.8 Wear Strength of Helical Gears 375

 16.9 Herringbone Gears 376
16.10 Crossed Helical Gears 379

17. Bevel Gears 383
17.1 Types of Bevel Gears 383
17.2 Bevel Gear Terminology 384
17.3 Analysis of Bevel Gear 385
17.4 Force Analysis of Bevel Gears 387
17.5 Beam Strength of Bevel Gears 390
17.6 Wear Strength of Bevel Gears 391
17.7 Effective Load on Gear Tooth 392
17.8  Simple Description of Spiral

Bevel Gears 393

18. Worm Gears 397
18.1 Worm Gear Mechanism 397
18.2  Merits and Demerits  

of Worm Gear Drives 398

18.3 Worm Gear Terminology 398
18.4 Types of Worm Gear Drives 400
18.5 Worm Gear Proportions 401
18.6 Force Analysis of Worm Gears 402
18.7 Friction in Worm Gear Drives 404

18.7.1 Self-locking in Worm Gears 405
18.8 Materials of Construction 407
18.9 Strength Calculations 407

18.9.1  Beam Strength, Dynamic 
Load, and Endurance Load 408

18.9.2 Wear Strength 409
18.10  Thread Friction and Heat  

Generation 411
18.11 AGMA Method 412

19. Rolling Bearings 415
19.1 Parts of Rolling Element Bearings 416
19.2 Types of Rolling Element Bearings 417
19.3 Bearing Materials 417

19.3.1  Improved Forging and 
Forming Methods 418

19.3.2 Ceramics 418
19.3.3  Materials for Cages 

or Separators 418
19.4  Assembly and Mounting  

of Rolling Bearings 419
19.4.1 Preloading of Bearings 420

19.5 Self-aligning Bearings 421
19.6  Selection Criteria of  

Rolling Bearings 422
19.7 Basic Load Ratings of Bearings 422

19.7.1 Static Load Capacity 422
19.7.2 Dynamic Capacity 423
19.7.3  Equivalent Radial Load  

on Bearing 424
19.8 Calculation of Bearing Life 426

19.8.1  Recommended 
Bearing Life 426

19.8.2  Relationship Between 
Bearing Load and Life 427

19.9 Designation of Rolling Bearings 428
19.9.1 Ball Bearings 428
19.9.2 Roller Bearings 428

19.10 Selection of Factors X and Y 428
19.11 Load Factors 429
19.12 Life and Reliability 430
19.13  Fluctuating Loads with  

Repeating Cycles 432
19.13.1  Mean Cubic (Radial) Load 432

DME_FM.indd   16 01-08-2017   14:37:32

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



Detailed Contents xvii

19.13.2 Sinusoidal Load Variation 432
19.14 Power Loss in Rolling Bearings 435
19.15 Taper Roller Bearings 435

19.15.1 Load Rating and Selection 437
19.16 Needle Bearings 438
19.17 Bearing Failure 438
19.18 Surface Wear in Bearings 439
19.19 Lubrication of Rolling Bearings 439

20. Shafts 444
 20.1 Types of Shafts 444

20.1.1 Stationary Shaft  445
20.1.2 Line Shaft  445
20.1.3  Lay Shaft, Countershaft,  

or Jack Shaft  445
20.1.4 Spindle  445
20.1.5 Axle 446
20.1.6 Flexible Shaft 446

 20.2 Shaft Materials 446
 20.3 Factors in Design of Shafts 447
 20.4 Failure of Shafts 447
 20.5 Design of Shafts 448
 20.6  Stresses in Shafts Due to Static  

Loads 448
20.6.1  Maximum Principal  

Stress Theory 448
20.6.2  Maximum Shear  

Stress Theory 449
20.6.3 Maximum Angle of Twist 449

 20.7 ASME Code 449
20.7.1  Effect of Combined  

Bending, Torsion, and  
Axial Thrust 451

 20.8 Critical Speed of Shaft 455
20.8.1 Energy Method 455

 20.9 Hollow Shafts 456
20.10 Circlips 456
20.11 Bearing End Covers 457

21. Keys 461
 21.1 Location and Selection of Key 461
 21.2 Types of Keys 461

21.2.1 Sunk Keys 462
21.2.2 Saddle Keys 462
21.2.3 Feather Keys 463
21.2.4 Woodruff Key 463
21.2.5 Kennedy Key 463

 21.3 Splines 466
21.3.1 Analysis of Splines 466

22. Couplings 469
 22.1 Construction of Coupling 469
 22.2 Design Criteria 470
 22.3 Classification of Couplings 470

22.3.1 Rigid Couplings 470
22.3.2 Flexible Couplings 470

 22.4 Muff Coupling 470
22.4.1 Design of Muff Coupling 470

 22.5 Split Muff Coupling 472
22.5.1  Analysis of Split  

Muff Coupling 473
 22.6 Rigid Flange Coupling 474

22.6.1  Analysis of Rigid  
Flange Couplings 474

 22.7 Flexible Couplings 477
22.7.1  Pin and Bush Flexible  

Coupling 478
 22.8 Splined Couplings 482
 22.9 Turnbuckle 482
22.10 Oldham Coupling 485
22.11 Hooke’s Coupling 485

23. Chain Drives 487
 23.1 Characteristics of Chain Drives 487
 23.2 Types of Chains 488

23.2.1 Hoisting Chains 488
23.2.2 Haulage Chains 488
23.2.3  Chains for Power  

Transmission 488
23.2.4 Roller Chains 489
23.2.5 Multiplex Chains 489

 23.3 Sprocket Design and Dimensions 491
23.3.1  Number of Links  

and Centre Distance 492
 23.4 Design of Chain Drives 494
 23.5 Chordal Effect in Chains 494
 23.6  Power Rating of Roller  

Chains 495
23.6.1  Criteria of Failure  

and Power Calculation 496
23.6.2  Typical Power Rating  

of Chain 497
 23.7 Silent Chains 499
 23.8 Chain Lubrication 500

24. Wire Ropes, Drums, and Pulleys 503
 24.1 Types of Rope 503

24.1.1 Hemp Rope 503
24.1.2 Steel Wire Ropes 504

DME_FM.indd   17 01-08-2017   14:37:32

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



xviii Detailed Contents

24.2 Merits of Steel Wire Ropes 504
24.3  Construction of General Purpose 

Steel Wire Ropes 504
24.4  Wire Diameter and Rope 

Cross-Section 505
24.5 Selection of Steel Wire Ropes 505
24.6 Factor of Safety 506
24.7 Stresses in Wire Ropes 508

24.7.1 Tensile Stress 508
24.7.2 Bending Stress 508
24.7.3  Stresses During Acceleration 

and Retardation 509
24.8 Rope Drums 512

 24.9 End Fastening of Wire Ropes 514
24.10 Wire Rope Pulleys 514

24.10.1  Construction of Rope 
Sheaves 515

25. Belt Drives 518
25.1 Causes of Slip 518
25.2 Types of Belt Drives 519
25.3 Flat Belt Drives 519

25.3.1 Leather Belts 519
25.3.2 Fabric Rubber Belts 520

25.4 Belt Joints 520
25.4.1 Metal Fastener Joints 520
25.4.2 Laced Joints 521
25.4.3 Cemented Joints 521

25.5 Geometrical Layouts of Flat Belts 521
25.6 Law of Belting 521
25.7 Creep in Belts 522
25.8 Analysis of Open Belt Drive 522
25.9 Analysis of Crossed Belt Drive 523

25.10 Belt Tension Analysis 523
25.11 Belt Tensions and Power 523
25.12 Modes of Failure of Belts 524
25.13 Condition for Maximum Power 524
25.14 Selection of Standard Flat Belts 528
25.15 Pulleys for Flat Belts 529
25.16 Construction of Flat Belt Pulleys 529

25.16.1 Rim or Flange 529
25.16.2 Hub or Boss 529
25.16.3 Ribs or Spokes 529

25.17 Belt Pulley Design 530
25.18 V-Belts 531

25.18.1 Tension Relations 532
25.19 Selection of V-Belts 532

25.19.1 Power Rating of V-Belts 535

25.20 Pulleys for V-Belts 537
25.21 Timer Belts 539
25.22 Belt Tensioning Devices 539

26. IC Engine Components 542
26.1 Parts of IC Engine 542

 26.2 Cylinder 543
26.2.1 Cylinder Liners 543
26.2.2 Cylinder Bore and Length 543
26.2.3 Cylinder Wall Thickness 544
26.2.4 Some Empirical Formulae 545

26.3 Cylinder Head or Cylinder Crown 546
26.3.1 Holding-down Bolts  546

 26.4 Piston 548
26.4.1 Parts of Piston 548
26.4.2 Functions of Piston 549

26.5 Piston Design 549
26.5.1 Heat Conduction 549
26.5.2 Strength Consideration 550

26.6 Piston Rings 550
26.7 Design of Piston Rings 551
26.8 Piston Skirt 551
26.9 Piston Barrel 552

26.10 Piston Pin 552
26.10.1 Analysis of Piston Pin 553

26.11 Connecting Rod 554
26.12 Analysis of Connecting Rod 555

26.12.1 Force Due to Gas Pressure 555
26.12.2  Buckling of Connecting Rod 555
26.12.3 Small End Bearing 556
26.12.4 Big End Bearing 557
26.12.5  Big End Cup and  

Fixing Bolts 557
26.12.6 Big End Cap Thickness 558
26.12.7 Whipping Stress 560

26.13 Crankshaft 561
26.13.1 Crankshaft Materials 562
26.13.2  Design of Centre  

Crankshaft 562
26.13.3 Design of Side Crankshaft 563

26.14  Valve–Gear Mechanism of IC  
Engines 563
26.14.1 Design of Valves 564
26.14.2 Design of Rocker Arm 566

27. Clutches 573
27.1 Operation of a Friction Clutch 573
27.2 Design Considerations 574
27.3 Construction of Plate Clutch 574

DME_FM.indd   18 01-08-2017   14:37:32

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



Detailed Contents xix

 27.4 Torque Rating of Clutch 575
27.4.1  Uniform Pressure Theory 575
27.4.2 Uniform Wear Theory 575

 27.5 Service Factor 576
 27.6  Maximum Torque Transmitting  

Capacity 577
 27.7 Multi-Plate Clutches 579
 27.8 Wet Clutches 580
 27.9 Cone Clutches 580
27.10 Centrifugal Clutches 581
27.11 Thermal Considerations 582
27.12 Energy Relations 582

28. Brakes 586
 28.1 Principle of Braking 586
 28.2 Types of Brakes 587

28.2.1 Shoe Brakes 587
28.2.2 Band Brake 588
28.2.3 Disc Brake 588

 28.3 Factors in Brake Calculations 588
 28.4 Energy Calculations 588
 28.5 Friction Linings 591
 28.6  Analysis of Block Brake  

with Short Shoe 592
 28.7  Analysis of Block Brake  

with Long Shoe 593
 28.8  External (Contracting)  

Double Shoe Brake 594
 28.9  Internal (Expanding) Double  

Shoe Brake 596
28.10 Simple Band Brake 597
28.11  Analysis of Differential Band Brake 599
28.12 Analysis of Disc Brake 600

29. Flywheels 606
 29.1 Electric Motor as Driver 606
 29.2 IC Engine as Prime Mover 606
 29.3 Functions of Flywheel 607
 29.4 Parts of Flywheel 607
 29.5 Flywheel versus Governor 607
 29.6 Materials of Construction 608
 29.7 Analysis of Flywheel 608
 29.8 Coefficient of Fluctuation of Speed 609
 29.9 Coefficient of Fluctuation of Energy 610
29.10 Dimensions of Flywheel 611

29.10.1 Solid Disc Flywheel 611
29.10.2 Flywheel with Rim 613

29.11 Explosion of Flywheel 614

29.12 Stresses in Flywheel with Rims 614
29.12.1 Stresses in Rim 614
29.12.2 Stress in Rib 615

29.13 Flywheel-to-shaft Connections 617

30. Oil Seals and Gaskets 620
 30.1 Functions of Oil Seal 620
 30.2 Types of Seals 620
 30.3 Materials of Construction 622

30.3.1 Oil Seal Parts 622
 30.4 Mounting of Oil Seals 623
 30.5 Gaskets 623
 30.6 Design of Gaskets 624

31.  Pressure Vessels and  
Rivetted Joints 627
 31.1 General Construction and Design 628
 31.2 Thin-Walled Cylinders 629
 31.3 Thin-walled Spherical Vessels 629
 31.4 Thick-walled Cylinders 630

31.4.1 Lame’s Equation 631
31.4.2 Clavarino’s Equation 631
31.4.3 Birnie’s Equation 631
31.4.4 Barlow’s Equation 631

 31.5 Autofrettage 632
31.5.1  Compounding  

of Cylinders 632
31.5.2 Overloading 634

 31.6 Unfired Pressure Vessels 634
 31.7 Design of Pressure Vessels 634

31.7.1 Shell Thickness 635
31.7.2 End Covers 635

 31.8 Openings in Pressure Vessels 637
31.8.1 Area Compensation 637

 31.9 Introduction to Rivetted Joints 640
31.9.1  Merits and Demerits  

of Rivetted Joints 640
31.9.2 Shapes of Rivets 641

31.10 Rivetting Process 641
31.10.1 Caulking and Fullering 642
31.10.2 Rivet Materials 643

31.11 Design of Rivetted Joints 643
31.11.1	 	Efficiency	of	Rivetted	 

Joint 644
31.12 Types of Rivetted Joints 644

31.12.1 Lap Joints 644
31.12.2 Butt Joints 645

31.13 Rivet Arrays 645
31.13.1 Lozenge Joint 646

DME_FM.indd   19 01-08-2017   14:37:32

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



xx Detailed Contents

31.14 Rivetted Joints on Boiler Shells 649
31.15  Design Procedure for Longitudinal 

Butt Joints 649
31.16  Circumferential Joint on Boiler 

Shell 653
31.17  Design Procedure for 

Circumferential Butt Joint 653

32. Gear Boxes and Planetary Gears 659
32.1 Multi-stage Speed Reducers 659
32.2 Multi-speed Gear Boxes 665
32.3 Machine Tool Drives 665
32.4 Mechanical Speed Variation 665

32.4.1  Maximum Speed and 
Minimum Speed 665

32.4.2 Structural Formula 666
32.4.3  Structural Diagram  

(Speed Diagram) 667
32.4.4 Kinematic Layout 667
32.4.5 Ray Diagram 667

32.5  Design Procedure for Multi-speed 
Gear Box 667

32.6 Automobile Gear Box 670
32.6.1  Description of Gear Box 

and Layout 670
32.7 Automatic Transmission 672

32.7.1 Torque Converter 673
32.7.2  Planetary Gears and  

Systems 674
32.7.3  Analysis of Planetary 

Gear Set 674

33.  Machine Tool Beds
and Slideways 683

33.1 Parts of Machine Tools 683
33.2  Prerequisites of Machine Tool 

Design 683

33.3 Design Procedure 684
33.4 Design Principles 684
33.5  Machine Bed, Frame,  

and Structure 685
 33.6 Columns 686
 33.7 Guideways 686
 33.8 Spindles 687

33.8.1 Spindle Bearings 687

34. Piping 689
34.1  Basic Characteristics of Fluids 690
34.2  Fundamental Parameters  

and Relations 690
 34.3 Viscosity 690
 34.4 Head 690
34.5 Reynolds Number 691
34.6 Hydraulic Gradient 692
34.7 Bernoulli’s Equation 692
34.8 Continuity Equation 693
34.9 Gas Laws 693

34.9.1 Boyle’s Law 693
34.9.2 Charles’ Law 693
34.9.3 Perfect Gas Equation 693

34.10 Design of Piping 693
34.11 Design Procedure 694

34.11.1 Wall Thickness 694
34.11.2 Pressure Loss 694

34.12 Materials 695
34.13 Pipe Fittings 695
34.14 Pipe Supports 695
34.15 Valves 695
34.16  Expansion Effects and  

Compensation 696
34.17 Flexibility Analysis 696
34.18 Thermal Insulation 696
34.19 Conclusion 697

Index 700

About the Author 707

DME_FM.indd   20 01-08-2017   14:37:32

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



CHAPTER
1

IntroductIon
The job of an engineer is, in general, to fulfil the 
desires of mankind for better comforts and benefits 
and elevate the standard of living in a society. In 
pursuit of this, the engineer has to utilize the natural 
resources available to him for conversion into 
useful and commercially viable products or devices. 

The best way to predict the future is to design it.
–Buckminster Fuller

Design of Machine 
Elements—A Perspective

Laws of pure science are applied in developing the 
engineering processes suitable for the conversion 
of the natural resources. Mathematics and artistic 
perceptions of the product are involved in formulating 
the mathematical models of the product for analysis 
before its prototype can be developed and tested. 
Engineering is therefore called applied science 

Learning objectives

A sincere study of the chapter will impart adequate knowledge for understanding the following topics:
1. Meaning of design and machine design
2. Analysis, synthesis, and creativity
3. Uncertainty, factor of safety, and design constraints
4. Designer’s responsiblity towards society, ecology, and ethics
5. Stages and procedure for design
6. Importance of design standards, codes and norms, aesthetics
7. Units, engineering parameters, conversion
8. Preferred numbers, standard series
9. Design for manufacture and assembly
10. Surface	finish,	limits,	fits,	and	tolerances
11. Reliability, product range
12. Concurrent engineering and phases, ergonomic design

Words of wisdom from Sanskrit 
Aachaaryaat paadamaadatte sishyah paadam swamedhaya  
Paadam sabrahmachaaribhyah paadam kaalakramena cha 

A disciple acquires only one-fourth of a subject from the teacher; another quarter by his own study; yet 
another quarter he imbibes by discussion with classmates; and the remaining one-fourth of knowledge on 
the subject, he continues to acquire throughout his life. (One’s knowledge in any subject is never complete.) 
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2 Design of Machine Elements—A Perspective

imbued with artistic sense, drawing support from 
mathematical equations.

1.1 MeanIng of desIgn
The word design in general English means a plan 
or a scheme for giving shape to something, for 
forming an idea about, or for conceiving something. 
Therefore, many things can be conceived or designed; 
for example, a simple rose garden or an amusement 
park, a skirt or a lady’s handbag, or the landing gear 
of an aircraft, a ball point pen, or a TV tower. In 
all these examples, engineers and artists play more 
or less equal roles. Even if an artist cannot handle 
engineering design, and an engineer cannot be a full-
fledged artist, an engineer should cultivate at least an 
artistic outlook for producing aesthetic engineering 
goods or products.

1.2 engIneerIng desIgn
Engineering design starts with a conceived idea for 
fulfilling a need, a want, or a desire of an individual, 
a society, or a nation. An individual may like to have 
a villa built on a hilltop or riverside or have a unique 
custom-built luxury car. A society or a city may wish 
to have its roads broadened and flyovers built for 
handling the ever-increasing traffic. A nation may 
plan to have its own design of a prestigious passenger 
airliner or a state-of-the-art fighter aircraft and combat 
vehicles to deter foreign aggressions.

Engineering design is, in particular, a specialized 
area other than areas such as production, procurement, 
or marketing. It relates to the definition of a problem 
or a need and the application of principles of science, 
mathematics, and a little bit of artistic perception to 
develop a sketch or a drawing for translating the idea 
into a full-fledged product to satisfy the specified need 
or to solve the stated problem. 

Design of machine members, mechanical 
engineering design, or machine design is a very 
essential core subject for mechanical engineering 
students anywhere in the world. If a professional 
engineer is called upon to find a practical solution 
to a problem, a designer develops a plan for a 
new product or modifies an existing product for 
incorporating more quality or introducing more 
comfort.

An engineer’s design analysis may not have 
scientific precision and the formulae used by him 
may give just approximate results. However, for 
all practical purposes the product or the equipment 
developed by him on the drawing board and 
manufactured in a proper workshop can perform 
well and give excellent service. With growing years 
a design engineer develops a capacity for correct 
judgement, supported by practical experience and 
feedback from the end-users. 

All design engineers, whatever their specialization, 
do not develop products on the same lines. Even 
with the same specialization, the products developed 
by them may be the same but different in style, 
sophistication, quality, and utility. No two designs of 
a product are identical or even similar. For example, 
there is a limitless variety of models of luxury 
coaches for road travel around the world in different 
countries. This example enables the reader to imagine 
the immense scope available to the genius of an 
innovative design engineer.

1.3 creatIvIty
Creativity is a quality that enables one to generate 
novel ideas and develop new objects which are not 
routine but innovative. In this ever-changing world, 
people crave for new things or objects of pleasure 
and comfort. These would-be market products have 
to be conceived, developed, manufactured, and put 
in the market by engineers. The design engineer, 
whose task is the shaping or designing of an object, 
must first generate the new idea. For generation of 
new ideas, he has to be innovative and must possess 
the quality of creativity. The design engineer has 
to equip himself with creativity in one hand and 
an attention to detail in the other. For constantly 
developing a product in order that it stays in the 
market, a designer should work like an inventor who 
is always in quest of novelty in thinking and also 
in developing the ideas into competitive, marketable 
products.

In spite of the aforementioned arguments, it must 
be emphasized that not all design work is innovative 
and creative. Routine designs that are well established 
do not call for creativity on the part of the design 
personnel. A little risk is involved in well-proven 
products. Only in the case of new products, a lot of 
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Design of Machine Elements 3

imagination and innovative thinking are required. 
Such projects should be entrusted to designers 
with creativity and an inventive bent of mind. Here 
again the need for creativity does not end with idea 
generation. It is required at every stage of design right 
up to the preparation of detailed drawings and even 
during manufacture.

Large organizations, which have long-range 
corporate planning for developing new products, 
usually engage two categories of design engineers. 
One group handles day-to-day design requirements 
of routine products. This group is not expected to be 
very innovative and creative. The other group which is 
teamed with the research wing is allowed freedom of 
independent thinking to generate new ideas and work 
on them, sometimes without binding targets of cost and 
completion. In such endeavours, the ambitions and the 
long-term goals, vision and mission of the organization 
are given priority rather than budgets and time limits. 

Design engineers depend a lot on information. 
Information has to be collected by personal and 
professional efforts. It can be collected by reading 
professional journals, reference books, catalogues, 
technical manuals, and other related reports and 
through on-the-job-learning by attending conferences, 
symposia, and technical workshops. Another way 
of gathering information is by talking to scholars, 
customers, and end-users, and through questionnaires 
and pamphlets. The exercise does not end there. The 
collected information has to be sifted, understood, 
and interpreted in a proper way. The design engineer 
should have the discretion to understand his limits 
and constraints from standards, norms, and industrial 
regulations. For all these, the designer should have the 
proper attitude and aptitude. Over and above that, he 
must be an effective communicator, a good researcher, 
and a dispassionate interpreter.

Design engineering is not an easy discipline. In 
addition to the proper perception of the customer’s 
needs, it calls for a deep technical knowledge of 
engineering mechanics, theory of machines, materials, 
metallurgy and heat treatment, production methods 
and facility in assembly and maintenance. If any of 
these prerequisites is lacking, the design may not be 
fully satisfactory, cost-effective, and may fail to give 
the desired performance in the short term and in the 
long term too.

1.4 anaLysIs and synthesIs
Analysis and synthesis are very different in their 
meaning. Machine design as a subject deals with 
the most important machine elements such as shafts, 
couplings, springs, belts, gears, bearings, among 
others. These elements form a major portion of any 
equipment or device. The typical loading expected on 
these elements at any instant in the operation of the 
machine is considered for analysis and for determining 
the main dimensions of each element.

Design analysis consists of assuming a mechanism 
(readily available), material, and mode of failure. The 
dimensions and size of the machine and the individual 
component parts of the machine can be determined 
and finalized. 

When design synthesis has to be undertaken, any 
predetermined mechanism is not readily available. A 
mechanism has to be selected for the machine from 
various alternatives. Then a suitable configuration for 
the desired output capacity or work has to be decided 
by the designer. The component parts have to be 
chosen. Alternative materials for the different parts 
have to be selected and each of them tried in different 
modes of failure. The best suitable and optimal 
solution has to be found and established. 

Design synthesis involves starting from scratch, 
especially when it is an entirely new machine or 
equipment or device. It involves ingenuity and deeper 
knowledge of mechanisms, materials, theories of 
failure, and proper mathematical formulations on the 
part of the design engineer. 

1.5 desIgn constraInts
An additional responsibility of the design engineer 
lies in identifying the constraints in his professional 
work. The real imagination of the design engineer 
comes into play in ascertaining and appreciating these 
constraints.

The major constraints or the overall design 
considerations may be listed as follows:
 1. Availability of suitable materials and their cost
 2. Manufacturing and inspection facilities for 

acceptable quality
 3. Safety
 4. Life expectancy of components and the equipment 

as a whole
 5. Cranage for assembly in the workshops
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4 Design of Machine Elements—A Perspective

 6. Availability of space for assembly and subsequent 
storage 

 7. Major consignment dimensions for transport to 
the erection site or directly to the end-user

Other constraints are marketability, reliability, 
maintainability, aesthetics, ergonomics, ecological, 
and environmental acceptability in use and even after 
decommissioning. For example, when any equipment 
has served its life and has to be scrapped, it should be 
capable of being easily recycled or degraded without 
harming the environment. 

Taking these constraints into account, the 
dimensions or materials of the individual elements 
or machine components may have to be modified 
to match other machine elements or components in 
the assembly of the whole machine. It is here that 
the design engineer has to use his expertise and real 
judgement in adapting to or overcoming the constraints 
for developing real wholesome equipment.

1.6 safety factor
Engineering goods and equipment, big or small, simple 
or complicated, are put to use for the good of the 
society. The equipment form a part of the social or the 
national life. Engineering is nowadays part and parcel 
of everyday life. As such the equipment must be safe to 
start, operate, and to lie still when not in use. Engineering 
goods should not become causes of concern and fear of 
any kind of hazard. It is the design engineer who has to 
ensure the safety of equipment or devices.

What is safety and how is it quantified? How can an 
engineering device be certified as safe? For knowing 
the answers to these questions, the concept of safety 
as applied to engineering design has to be understood.

An engineering product or a device is considered 
to have failed when it has failed to perform as per 
the stipulated specifications, showed up a defect or 
flaw while in operation, or came to a state of total 
breakdown. Things are therefore designed with 
‘sufficient’ reserve strength to avoid failure and 
ensure safety. This reserve strength against failure is 
expected to ensure safety of the product. 

Safety factors are ratios of two quantities with 
the same units. They are constants which are always 
more than one, the excess above unity denoting the 
amount of reserve capacity or strength built into the 
product. For example, a crane lifts loads by steel wire 
ropes. If the effective tensile load on a single rope is  

4 kN and the safety specified is 6, the breaking load of 
the wire rope selected from the rope manufacturer’s 
catalogue must not be less than 24 kN. Any suitable 
wire rope with a breaking load more than 24 kN will 
be considered safe for the application. In a similar 
fashion, if the ultimate tensile strength of medium 
carbon steel is 600 N/sq.mm and the actual tensile 
stress in the machine member designed with this steel 
is 200 N/sq.mm, the actual factor of safety is 600/200 
or 3. Consider a pressure vessel designed for a factor 
of safety of 4, the actual pressure of the compressed 
fluid inside will be one-fourth of the design pressure.

1.7 uncertaInty
What makes the factor of safety close to 1 or many 
more times than that like 10 or even 12? The answer is 
uncertainty. The design engineer is always confronted 
with uncertainties in his work. They can be enumerated 
as follows:
 1. The loading (tensile or compressive loads or 

torsional moments or bending moments, thermal 
loads, and so on) on a machine member is 
neither completely known nor it can be exactly 
quantified. The loading is variable in many cases.

 2. The point of application of the load is not always 
accurately known.

 3. The direction of application of load cannot be 
defined or it is variable.

 4. The frequency of loading may vary.
 5. The properties of the material of construction 

may fall short of specifications.
 6. The material may have some undetected defects 

or flaws.
 7. There may be some manufacturing defects or 

flaws undetected during inspection, for example, 
minute tool marks or inadequate fillet radii on 
shafts, keyways, and gears.

 8. The actual loading in operation of the machine 
may vary in a different pattern than assumed. 

 9. There may be unforeseen overloading, higher 
static loads or more of fluctuating loads and 
cyclic and reversing loads.

 10. There may be assembly faults and misalignments. 
 11. There may be unforeseen imbalances and 

vibrations in the actual operations of the part or 
the machine.

 12. Any other uncertainty pertaining to the particular 
equipment or structure may persist.
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Design of Machine Elements 5

When the list of uncertainties is long, the design 
engineer has to play safe or introduce a safety factor 
much larger than unity into his design calculations. If 
the uncertainties could be eliminated one by one and 
the list becomes shorter, safety factor moves closer 
and closer to unity. This is the case with space vehicles 
where every vehicle is built after lots of research to 
ensure maximum possible safety or for rather fail-
proof operation. However, for all practical purposes 
and particularly in general mechanical engineering 
design, safety factors cannot be taken as unity, which 
otherwise means that they are eliminated. They are 
always and will continue to be more than one or 
even two. The usual range of safety factors is 1.5 to 
12. That is how safety can be quantified. The higher
the safety factor, the greater is the safety pertaining 
to a product. The lower the confidence level of the 
designer, the larger is the safety factor, the heavier 
and costlier is the product. However, higher factors 
of safety are justifiable when hazards to human life 
are foreseen as in the case of a crane wire rope and a 
pressure vessel cited above.

1.8 IMportance of factor 
of safety
Factor of safety is essential for the following reasons:
1. Failure leading to loss of life or at least injury
2. Costly repairs in the machine and the surrounding

equipment
3. Uncertainties in the loads in service
4. Uncertainty of material properties
5. Assumptions made for the analysis

 6. Uncertainty in determining the stress-
concentration factors, sudden and impact loads

 7. Uncertainties about the conditions of the
environment in which the components are
intended for service

8. Uncertainty about the stresses which could
be induced during manufacturing processes
(welding, machining, heat treatment, etc.) and
transport for assembly or shipping to erection site

9. Uncertainty regarding the extent to which the
component would be damaged by exposure to the
atmosphere (corrosion)

 10. Reduction in dimensions due to corrosion and
increase in stress levels, stress concentration, and
fatigue levels

1.9 exaMpLes of factors 
of safety
The choice of the factor of safety depends primarily on 
the material and the type of application that includes 
the loading pattern. Some typical examples are given 
in Table 1.1.

table 1.1 Typical values of factors of safety

Aircraft against yield 1.0
Typical mechanical engineering applications 1.5–3.0
Hoisting equipment wire ropes 5–8
Passenger lift and mining lift steel wire ropes 10–12
Pressure vessels 8–10

These factors give us the allowable stresses for 
calculation. It is obvious that the greater the level of 
combined uncertainty, the higher will be the factor of 
safety. However, when it is known that the uncertainty 
is resulting in excessive weight of the component 
or machine, bulk, and consequently high initial 
cost, it is economical and worthwhile to resort to 
experimentation. Thus, uncertainties can be curtailed 
with confidence and the factor of safety lowered to 
make the component lighter and far less expensive.

A new entrant to design department is always at a 
loss for fixing the value of safety factor in his design. He 
has to take recourse to design codes or safety standards 
available in the particular area. Sometimes the design 
codes specify some modifying factors for reducing the 
basic permissible stresses or for increasing the actual 
loading on machine members. These factors serve 
indirectly as factors of safety. Examples are service 
factors, duty factors, velocity factors, dynamic factors, 
impact factors, stress concentration factors, fatigue 
factors, and so on. These factors are applied on the 
table stresses or the loads on the machine members. 
When nothing of the sort is available, the young design 
engineer has to depend on his peers and draw on their 
expertise till he accumulates his own experience and 
attains an adequate confidence level in the field. We 
shall discuss factor of safety again in the latter chapters 
of the text. The following oversimplified problems 
illustrate the meaning of factor of safety.

Example 1.1 (LO 2, 3)  The draw bar used for 
connecting the trailer to the tractor has to be designed. 
The draw bar pull with full payload in the tractor 
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6 Design of Machine Elements—A Perspective

is estimated to be 8 kN. Considering yield strength 
of 400 MPa for the material of the draw bar and a 
factor of safety of 4 and neglecting acceleration 
and retardation forces, calculate the diameter of the 
drawbar required for the purpose.
Solution: The draw bar is subjected to tension and the 
tensile load F is given as 8 kN or 8000 N.

If the diameter of the drawbar is denoted by d mm, 
the cross sectional area A of the draw resisting the 
tensile force is given by

A = (π/4)d2 mm2

Permissible tensile stress in the drawbar 
σperm = Sy/FS = 400/4 = 100 MPa

The load capacity of the drawbar = 
σperm A = 100 × (π/4)d2

We can equate the tensile force F to the load 
capacity of the draw bar.

F = σperm A
8000 = 100 × (π/4) d2

d = √[(8000 × 4)/(π × 100)] = √(101.86) = 10.1 mm
In actual practice, there will be additional dynamic 

forces acting on the drawbar. Drawbars are also subjected 
to torsion when the tractor moves on uneven ground. 
When all these factors are considered in design, the 
draw bar for this application will be larger in diameter.

Example 1.2 (LO 3) For a load lifting application, a 
wire rope with a breaking load of 42 tonnes has been 
selected. If the actual estimated tensile force in the 
wire rope is 7 tonnes, what is the factor of safety used 
in the design for the application?
Solution: The breaking load of the wire rope from the 
catalogue = 42 tonnes

Actual tensile force in the rope = 7 tonnes
Factor of safety considered in the selection of the wire 

rope = Breaking load/Actual tensile force = 42/7 = 6
In view of the uncertainty about the complex stress 

patterns inside a wire rope and high risk involved in 
failure of a lifting wire rope, high factors of safety are 
considered for lifting appliances.

1.10 stages In MachIne desIgn
Market conditions drive the design of a machine, 
a product, or a component in engineering. An 
organization engaged in the design and manufacture 

of a product must always be in touch with the  
end-users or the prospective buyers. The intention 
is for collecting information in the form of feedback 
from the users or at a vague description of a need 
or a desire of the prospective buyers or buyers-
to-be. This is an organized effort put in by a key 
department in a progressive organization. It is the 
marketing department entirely different from the 
sales department. The marketing department conducts 
regular market surveys gathering information on the 
products and feeding positive criticism to the design 
department for constant improvement in the product. 
In fact there are group discussions, presentations, 
and seminars among all concerned in developing a 
better product or a new product altogether. Figure 1.1  
shows the flow chart generally applicable for the 
development of an engineering product starting from 
the market survey.

Group discussion
↓

Product specifications
↓↑

Preliminary design
↓↑

Loading analysis and preliminary dimensioning
↓↑

Iteration
↓

Preparation of general assembly
↓

Engineering 
report and approval

↓
Design of components for manufacture

↓
Release of production drawings to the workshops

↓
Prototype testing

↓
Final report

Market survey
↓

fig. 1.1 Flow chart showing stages in the design 
and development process
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Design of Machine Elements 7

Market survey Market survey serves to supply 
information on improvements required in the 
existing products and also information necessary 
to develop new products to satisfy customer needs. 
The marketing department plays a very important 
role in developing and innovating products and also 
in the overall growth and corporate development 
of an organization. Organizations without a strong 
and effective marketing department cannot face 
competition, show sustained growth, and over a 
period of time lose market share in that product.
Group discussion With the data collected from 
the market on the product or products on the desk, 
a meeting or group discussion should take place 
among all concerned. The group should consist of 
personnel from design and engineering, industrial 
and planning department, materials, costing and 
finance, production, quality and inspection, after-
sales services, sales department, and in some special 
cases representatives from key customer groups. In 
this brain-storming session or sessions, conclusions 
are drawn on the product development and recorded 
for implementation. These conclusions are meant 
for immediate implementation at all levels in all the 
concerned departments. 
Product specifications Now is the time for laying 
down specifications of the product for the engineering 
work to commence. The main specifications of the 
intended product are discussed and decided upon 
based on the conclusions drawn at the previous brain-
storming sessions.
Preliminary design Simple line sketches are 
developed by the design engineers for approximately 
fixing the outer dimensions and to list out the major 
components in the product. The different mechanisms 
envisaged for the product and their relative disposition 
and operation are discussed and finalized for the 
preliminary force and loading analysis.
Loading analysis and preliminary 
dimensioning Analysis of the loading and critical 
sections in the components, mechanisms—individual 
and assembly—is done to arrive at the preliminary 
dimensions of the product and its component parts.
Iteration The process of iteration is used for 
changing any unsuitable parameters or dimensions 
and the previous steps are repeated for obtaining 
better or more suitable results. 

Preparation of general assembly With the 
dimensions obtained after the iteration process, a 
general assembly or a layout drawing of the desired 
product is prepared.
Engineering report and approval The engineering 
report is meant for presentation to the core group 
assigned for the development of the product. The  
design and engineering group will make the 
presentation by way of drawings, sketches, calculations 
to convince the people from the other departments 
about the improvements made in the design.
Design of components for manufacture After 
the final approval or approval with comments, the 
designer is free to develop individual component 
drawings with adequate tolerances for assembly. 
However, he has to bear in mind all the constraints 
for translating the drawings into machine components 
suitable for flawless assembly and prototype testing. 
This subject is called design for manufacture.
Release of production drawings to the 
workshops The design engineer can now release 
the manufacturing or production drawings to the 
workshops for production. Before release, he may 
have last minute consultation with his production 
colleagues on the intricacies and the finer details 
of design, production, process, assembly, testing, 
dispatch, and maintainability of the equipment.
Prototype testing A prototype is a full scale model 
of the equipment or the product. It is subjected to 
all relevant and prescribed tests to establish its load 
capacity or throughput and reliability at a slight 
overload under static conditions. For example, a  
40 tonne crane is tested for an overload of 25%, which 
means that the crane should be capable of lifting  
50 tonnes under static conditions. This stage in design 
offers excellent opportunity for on-the-spot study 
of the prototype from various angles and making 
modifications for the better. 
Final report At this stage, a final report is made to 
unveil the success of the design project. The report is 
presented before all the concerned personnel, perhaps 
including the prospective customer(s). After this the 
prototype is deemed fit for going into mass production 
on a scale matching the existing demand or orders 
already placed in advance. 

It must be pointed out here that for equipment with 
some variations from the previous ones, the whole 
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8 Design of Machine Elements—A Perspective

procedure given above need not to be followed. In such 
cases the starting point is the design specifications and 
the end point is release of drawings to the workshops. 
Prototype is not needed. 

1.11 socIetaL consIderatIons
It has to be understood by every designer that his work 
must be for the benefit of the society and for elevating 
the quality of life. He should always endeavour by dint 
of his work to develop products and build machines 
for adding comfort to human life. To attain his goals, 
a designer must have properly a formulated, precise 
definition of the problem that he has to solve. If the 
definition of a problem is vague and ambiguous the 
solution to the problem would be erratic and wasteful.

Suppose a problem is mentioned as ‘pollution is 
very high’. This cannot be taken as a statement of the 
problem. It should be specific. Say the air pollution 
levels in downtown city are much higher than normal 
where the normal levels are already available in detail. 
Now the first stage in the solution to the problem is 
to note down the normal permissible levels of all the 
constituents of downtown air. At heavy traffic levels, 
samples of air can be collected and all the constituents 
and their percent content in the air sample can be 
measured in a lab. Then the methods of reducing these 
high levels of pollutants to the permissible levels can 
be devised.

The next step would be to assess the benefit or 
benefits accruing to the society or a community or 
a nation by finding a solution to a specific problem. 
The areas where a society can benefit are many 
but in general there are some key areas like health, 
education, social safety, employment. If these areas 
are taken care of, other areas can also be fostered. The 
major areas are
 1. Health
 2. Education (schools, colleges, universities, 

research institutions)
 3. Social security
 4. Safety in travel 
 5. Employment opportunities
 6. Protection to the environment
 7. Conservation of natural resources
 8. Control on population growth
 9. Concessions to the physically and mentally 

challenged

 10. Special privileges to the senior citizens
 11. Equal opportunities (irrespective of caste, creed, 

language, nationality, region or religion)
 12. Freedom within the constraints of the society

It is easily understood that when a major portion 
of these requirements of a society are fulfilled a state 
of well-being prevails. The quality of life is said to 
be good. The job of an engineer or, for that matter, a 
design engineer is to work out appropriate solutions 
to well-defined problems in the areas listed for 
translation into viable products with the technologies 
available to him at any point of time. To be effective 
in his profession, the design engineer should have the 
following attributes:
 1. Proper qualification 
 2. Adequate experience in the domain
 3. Comprehensive knowledge of design standards 

and codes in his domain 
 4. Goodwill and support of his peers 
 5. Positive attitude to all situations 
 6. Constructive approach to all attendant problems
 7. Cool temperament 
 8. Empathy 
 9. Open-mindedness
 10. High level of receptivity

A human being, in general, is on the quest for 
change, a change in his environment, a change in his 
belongings, a change even in the midst of prosperity. 
Changes like this can be brought about by engineers 
and before a change can materialize, a concept, an 
idea, and a design are absolutely necessary. Such is 
the importance of the design engineer. It is only the 
design engineers who can bring about changes in the 
material world. 

1.12 MasLow’s content theory
Abraham Maslow was an American psychologist 
with very humble beginnings. He grew up in social 
isolation and became a famous psychologist with 
many contributions to humanistic psychology. 
According to him, human needs can be arranged in 
a hierarchical form ranging from basic needs up to 
self-actualization at the highest level. The hierarchy 
of needs as postulated by Maslow is shown in  
Fig. 1.2, which is self-explanatory. The ascent on these 
steps changes human life greatly and can transform 
the present world into a peaceful place. Engineers 
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Design of Machine Elements 9

can help people in realizing these noble goals and  
can themselves reach stages of self-realization in 
doing so.

(5) Self-actualization

(4) Recognition

(3) Psychological needs
(2) Security needs

(1) Basic needs

fig. 1.2 Hierarchy of needs (Abraham Maslow)

1.13 ecoLogIcaL 
consIderatIons
During the manufacture of goods, products, and 
equipment for the good of the society, as it were, there 
are always waste products or by-products that are 
unwanted and thrown away or disposed of as garbage. 
These waste products can be recycled, if technically 
feasible, or should be such that they are bio-degradable 
without causing any temporary or permanent damage 
to the environment. Though this is a statutory 
requirement in many advanced countries, adherence 
to the standards is partially or totally lacking in many 
countries. This is owing to the lack of awareness about 
the hazards or lack of implementation mechanism or 
sheer connivance by the concerned authorities for 
reasons best known to them.

Environmental protection is a social responsibility. 
By throwing our garbage in the neighbour’s courtyard, 
we are not getting rid of the evil. By letting off toxic 
waste waters from a processing plant in to a river 
close by, we are polluting our own environment.

The main reason for reluctance to adherence of 
environmental standards is the additional first cost and 
operating cost of the equipment. The plant designer 
should be dutiful and the enforcement authorities 
should be accountable to the society as a whole. 
Only then this planet would be safe from depletion, 
damage, degradation, and decay. 

Some of the measures a design engineer should take 
for protecting the environment in his own capacity are 
as follows:
1. To the extent possible, a design engineer should

show preference to materials which will be 
amenable to recycling. The advantages of this 
measure are less damage to the environment and 

conservation of materials. Pollution of air, water, 
soil can be protected in this way.

2. He should strive to design any equipment that
consumes relatively low power in operation. In 
other words, the equipment must be fuel-efficient 
or energy-efficient. This method will reduce 
thermal pollution and conserve fuels available to 
us from Nature. 

3. He should ensure operation of the designed
equipment with the lowest possible noise levels. 
This would lower noise pollution.

4. The designer should always try to keep the
designs as simple as possible. He should avoid 
complex shapes and fanciful contours that may 
create problems in manufacture, assembly, and 
maintenance.

5. The design engineer should bear in mind the
manufacturing process or processes that will 
transform his designs into end products. The point 
is that a process which generates less amount of 
scrap is preferable to one in which scrap quantity 
and its disposal may create problems. Castings 
and their subsequent machining generates large 
amount of metallic and non-metallic scrap 
whereas with forgings the case is different. 
Forged components, where feasible, should be 
preferred to cast and machined components.

6. The design engineer should also take into
consideration disposal of other ‘auxiliary’ 
materials like packing wood or cardboard for 
ecological reasons.

7. Last but not the least, a design engineer should
always follow the relevant engineering norms 
and standards in his domain.

1.14 ethIcs for desIgn 
engIneers
The science of ethics defines the standards of 
uprightness and personal integrity. In their practice of 
the design engineering profession, designers should be 
aware of their bounden duty and their accountability 
in protecting the quality and well-being of the society 
he lives in. For that matter ethical behaviour and 
conduct is mandatory for any individual for a healthy 
growth and safety of the society and the nation. In an 
environment of globalization, these precepts relate 
to the international context. Ethics teaches what is 
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10 Design of Machine Elements—A Perspective

good and what is bad and tells us whether our conduct 
or behaviour in professional and personal life is 
beneficial or detrimental to the human society.

More often than not, situations arise in the 
professional life of a design engineer in which he 
might be called up on to dilute the standards and 
compromise the design. It is strongly expected of 
the designer to stand firm and stick to the norms, 
standards, and the stipulated specifications in his 
design assignments. This is all the more important 
because design happens to be the starting point in any 
manufacturing endeavour.

To assist the employees in maintaining standards, 
the organizations can help by forming special vigilance 
committees to prevent unethical conduct and uphold 
high standards of quality and product excellence. 
NSPE Code of Ethics for Engineers National 
Society of Professional Engineers (NSPE), USA, 
has formulated some fundamental canons for the 
professional conduct of engineers. They are reproduced 
here for ready reference of the readers and students.
Engineers, in the fulfilment of their professional 
duties, shall:
 1. Hold paramount the safety, health, and welfare of 

the public.
 2. Perform services only in areas of their competence.
 3. Issue public statements only in an objective and 

truthful manner.
 4. Act for each employer or client as faithful agents 

or trustees.
 5. Avoid deceptive acts.
 6. Conduct themselves honourably, responsibly, 

ethically and lawfully so as to enhance the honour, 
reputation and usefulness of the profession.

It is very clear from the above that an engineer is 
held in high esteem in the society and his moral and 
ethical responsibilities are ponderous.

1.15 desIgn standards  
and codes
Design standards and codes are great supplements to 
the knowledge and expertise of the design engineer. 
In every domain of engineering, there are standards 
which supply data and information on what is best and 
safe for a given situation. For example, what should 
be the dynamic load factor for design of spur gears in 
a particular application? The design engineer derives 

guided assistance from the standard instead of relying 
on his own empirical knowledge. Standards introduce 
uniformity in engineering practice. Standards are 
based on the collective opinion and efforts of a 
group of highly knowledgeable professionals or 
even organizations in the particular field or domain. 
Standards not only cater to uniformity but also 
interchangeability and acceptable quality. Standards 
serve the purpose of cutting down on the variety of 
items or goods or at least spare parts and thereby impose 
a limit on the number of such items or components. 
This is true of a particular organization, a country, or a 
group of countries, giving rise to company standards, 
national standards, or international standards.

Codes, on the other hand, are legally tenable 
and are obligatory and rank higher than standards 
in stature. Codes deal with and are intended more 
for safety than for uniformity of design. They are 
statutory in nature and have to be followed per force. 
In case of noncompliance with a code, the designer or 
his employer organization can be called in question 
in the court of law. Non-adherence to codes can be 
a subject of public litigation. It may be mentioned 
here that the word, code, is sometimes used in place 
of standard. Standards for testing of equipment like 
a pressure vessel, a crane, or a steel structure like 
a bridge are acceptably called codes of practice for 
relevant equipment.

Norms may pertain to a particular situation or an 
organization. Norms may not be binding. Obligatory 
norms can be called standards, which are not 
necessarily universal. Organizations can have their 
own norms and standards.

1.16 BenefIts of 
standardIzatIon
Many benefits accrue from standardization. The main 
advantages of standardization are follows:
 1. As described above, standards can set a limit on the 

variety and number of items of similar function. 
This type of rationalization facilitates mass 
production and reduces the cost of production 
due to reduction in the initial cost of machine and 
cutting tools and manufacturing cost.

 2. Standard components can be outsourced to or 
procured from specialist manufacturers by the 
main machine-building organizations. This 
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Design of Machine Elements 11

measure will greatly reduce the initial cost of the 
main plant facility and make the equipment more 
cost-effective and competitive. Examples of 
standard and proprietary items are bearings, wire 
ropes, chains, oil seals, wheels, forgings, rubber 
tyres, fasteners, brackets, door handles, knobs, 
gear boxes, couplings, and many more. 

3. When standard components are used in design
and construction, their replacement is done in
case of wear and tear or unexpected damage.
Moreover, standard components can be stored as
ready spares and greatly reduce the downtime due 
to instant procurement. Of course this argument
does not hold good if the organization is fully
geared up for just-in-time (JIT) procurement and
an efficient supply chain management.

4. Complete units like pumps and speed reducers
and even engines can be procured as they are and
the need for designing them from scratch does
not arise. This introduces lot of economy at the
micro- and also macro-level by elimination of
work duplication by several firms.

5. Standards and accepted codes of practice in the
industry improve the quality of products from
various vendors and make them safe and acceptable 
and, at the same time, competitive in the market.

After being assigned a job or a project, the first 
thing a design engineer should do is to collect all 
relevant design standards, norms, and codes pertaining 
to the project on hand and keep them handy during 
the course of the design process. Sometimes specific 
standards are mentioned in the customer’s tender 
documents and they have to be followed without 
fail. Any deviations, intentional or unintentional, 
may lead to rejection of the product and create legal 
complications. Many customers, consultants, and 
inspection agencies insist on approval of the design 
drawings as per standards and codes before they can 
be released for manufacture or execution at site. This 
would be a much better procedure than leaving the 
approval till the end.

1.17 categorIes of desIgn 
standards
Design standards decide the characteristics of a product 
to be released into the market. The characteristics of 
a product relate to the materials of construction, its 

overall dimensions, shape, testing procedures adopted, 
size after packing as consignment for dispatch, 
conformity to standard store house, and so on. What 
follows is an attempt to give a list of categories of 
standards used in practical mechanical engineering.

1.17.1 Material standards
These standards, national or international, list out 
standard materials with their chemical compositions, 
mechanical properties, and other suitable processing 
methods to improve properties like heat treatment. 
Examples are cast irons, alloy steels, stainless steels, 
composite materials, and other non-ferrous metals 
and alloys.

1.17.2 dimension standards
These standards ensure interchangeability, reduction in 
numerous non-standard sizes, and savings in inventory 
and storage costs. Fasteners, transmission belts, gear 
modules, anti-friction bearings, wire ropes, oil seals, 
keys and keyways, and splines are good examples of 
machine elements covered by dimension standards. 

1.17.3 surface finish standards
All fits depend on the relative surface finish provided 
on the matching components. Limits and tolerances 
are universally standardized and provide excellent 
guidelines to the design engineer on the type of fit 
to be provided in a particular situation. These topics 
are covered under ‘Limits, fits and tolerances’ in 
mechanical engineering design literature.

1.17.4 testing standards
Starting with the dimensions of a test specimen of steel 
and procedure for tensile test on a universal tensile 
testing machine, these standards lay down guidelines 
and formal test procedures for small components and 
even large machines including aircraft. Stringent test 
procedures have to be followed without exemption for 
boilers, pressure vessels, oil tankers where there is a 
risk of explosion and loss of human life.

1.17.5 engineering drawing 
standards
These are standards for representing engineering 
components, subassemblies, assemblies with relative 
dispositions, instructions on materials, manufacturing 
methods, machining tolerances, test procedures, etc. 
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12 Design of Machine Elements—A Perspective

on engineering drawing which have to be released to 
shop floor for manufacture. The standards lay down 
rules and guidelines in furnishing all the information 
on the drawing that can be easily understood without 
ambiguity.

1.17.6 Individual company 
standards
In addition to these national and international 
standards that are binding on the manufacturer when 
they are mentioned in the original specifications, the 
manufacturers themselves have their standards—for 
quality and manufacturing practices—though within 
the framework of the specified standards. 

As an example, we can talk about speed reducers 
(gear boxes) for use on cranes. The gear boxes can be 
standardized based on power input, output torque, and 
reduction ratio. The crane designer simply selects the 
most suitable gear box required for the purpose from 
the store. 

Company standards should always try to fine-tune 
the specified national or international standards. The 
manufacturers’ standards are binding on all sister 
concerns of the parent company. 

1.17.7 International standards
A design engineer should always try to add as many 
standard components as possible in the machine he 
has been asked to design. When these parts conform 
to international standards the products become even 
more competitive. Standard parts like anti-friction 
bearings, V-belts, catalytic converters are available in 
the market from reputed manufacturers, indigenous, 
and foreign. These components need not be redesigned 
by the designer for use on his machine. In these days 
of globalization, use of standard components reduces 
the cost of equipment and at the same time ensures 
quality of product and its performance. 

1.18 systeMs of unIts
Quite often mistakes are made in engineering 
calculations by choosing wrong units for the variables 
involved in the design. The dimensional unit of a 
variable should not only be correct but should also 
be consistent with the units of the other related 
variables. One variable cannot be in meters and the 
other variables in sq. cm and N/sq.mm. Similarly in 
the same set of calculations, units in inches, pounds 

cannot be used together with units in mm, Newtons, 
and so on. Consistency of units is essential for design 
calculations.

The so-called base units constitute a system. In 
the United States of America, the inch-pound-second 
(IPS) system and the foot-pound-second (FPS) system 
are the two systems prevalent. Sometimes, the SI 
system of units is also adopted. In India though the 
Metric system is used it is the SI system that is now 
predominantly adopted for engineering calculations.

1.18.1 Base units
In any system there are three base units and one derived 
unit. The four units are (a) force, (b) mass, (c) length, 
and (d) time. If force, length, and time are chosen as 
base units, mass becomes the derived unit. On the 
other hand, force becomes the derived unit when mass, 
length, and time are chosen as the base units.

Derived units are those which are derived from 
and which depend on the base units. For example, 
area is a derived unit depending on units of length, 
and pressure is a derived unit depending on units of 
force and area.

In SI system, force is in Newtons, length is in 
meters, time in seconds, and mass in kgs. All other 
engineering design variables and their respective units 
are given in Table 1.2.

table 1.2 Engineering design variables and units

Variable Symbol fps Units SI Units
Force F lb N (Newton)
Length l ft(feet) m (Meter)
Time t sec s
Mass m slugs 

(lb-sec2/ft)
kg (kilogram)

Weight W lb N
Pressure p psf Pa (Pascal)
Stress σ, T — MPa
Velocity v ft/sec m/sec
Acceleration a ft/sec2 m/sec2

Angle θ rad rad
Angular velocity ω. rad/sec rad/sec
Angular  
acceleration

α rad/sec2 rad/sec2

(Contd)
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Design of Machine Elements 13

table 1.2 (Contd)

Variable Symbol fps Units SI Units
Moment M ft-lb N-m
Torque T ft-lb N-m
Bending Area A ft2 m3

Volume V ft3 m4

Area moment 
of inertia

I in4 m4

Specific weight w ft-lb-sec2 N/m3+

Energy E lb/ft3 N-m = J 
(Joule)

Power K ft-lb N-m/sec 
(watt)

Spring rate k lb/ft N/m

Table 1.3 shows the conversion relationships between 
units of the IPS and the SI systems.

table 1.3 Conversion relationships

Quantity Conversion
Force 1 lb = 4.448 N

Length 1 in = 25.4 mm
Area 1 in2 = 645.16 mm2 
Volume 1 in3 = 16387.2 mm2

Mass 1 slug = 32.17 lb

1 kg = 2.21 lb

1 kg = 9.81 N
Pressure 1 psi = 6895 Pa

1 Pa = 1 N/m2

Stress 1 psi = 6.895 × 10−3 MPa

1 ksi = 6.895 MPa
Modulus of elasticity 106 psi = 6.895 GPA
Spring rate 1 lb/in = 175.126 N/m
Velocity 1 in/sec = 0.0254 m/sec

Acceleration 1 in/sec2 = 0.0254 m/sec
Work, energy 1 in-lb = 0.1138 N-m

Power 1 hp = 74537 W (watts)
Moment torque 1 in-lb = 0.1138 N-m
Area/Moment of inertia 1 in4 = 4.162 × 10−7 m4

Table 1.4 shows a short list of prefixes for SI units.
table 1.4 Some	prefixes	for	SI	units

Name Symbol Factor
Giga G 109

Mega M 106

Kilo k 103

Centi c 10−2

Milli m 10−3

Micro µ 10−6

Nano n 10−9

Example 1.3 (LO 7)  A circular rod is subjected to a 
tensile load of 10 kN. If the permissible tensile stress 
in the material of the rod is 150 MPa, calculate the 
diameter of the rod.
Solution: The cross-sectional area of the rod can be 
calculated in mm or m.

The area of cross section A of a member subjected 
to a static tensile load F equals the tensile load divided 
by the permissible tensile stress σt in the member.

A = F/σt = 10 × 1000 (N)/150 (N/mm2) 
= 66.67 mm2

= (π/4) × d2

d = 9.21 mm
In FPS units:
F = 10 × 1000/4.448 = 2248.2 lbs
σt = 150 MPa = 150/(6.895 × 10-3) = 21754.9 psi
A = F/σt = 2248.2/(21754.9) = 0.103 in2

d = 0.36274 in = 9.21 mm 

Example 1.4 (LO 2, 7)  A pulley is mounted 
centrally on a circular pin of 20-mm diameter and 200-
mm length and supported on bearings 150 mm apart. A 
man passes a rope over the pulley for pulling a weight 
of 5 kN attached at one end of the rope. He holds the 
other end of the rope for pulling the weight upward. 
Calculate the maximum bending stress in the pin.
Solution: Here we have to calculate the end reactions 
of the pin due to the central load F and then the 
bending moment Mb on the pin at mid-point where it 
is the maximum. 

The end reaction at each end is F/2. If the length of 
the pin between the supports is denoted by L and the 
diameter of pin by d,

Mb (maximum) at the centre of the pin = (F/2) × 
(L/2) = (FL)/4
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14 Design of Machine Elements—A Perspective

Moment of inertia (area) Ixx of the pin about the 
X-axis = (πd4)/64

Maximum bending stress σbmax in the pin =  
(Mb y)/I where y = d/2

σbmax = [(FL /4) × (d/2)]/[(πd4)/64] = (8FL)/(πd3). 
On substituting with proper units,

σbmax = (5 × 1000 × 150)/(π × 203) = 29.84 N/mm2 
(or MPa)

When expressed in FPS units, the maximum stress 
equals 4327.77 psi by referring to the conversion 
Table 1.2. 

1.19 MethodoLogy for desIgn 
proBLeMs
Machines and equipment are expected to be 
manufactured and put to use for flawless operation 
as per the given specifications showing the desired 
performance. To realize this, an organized and 
systematic approach and procedures are absolutely 
essential at every stage. In the making of a machine, 
the designer is the first architect. His work is of 
paramount importance in giving a shape to the desired 
product. He has to put in concerted effort for realizing 
this objective. We shall now discuss some general 
guidelines which will apply to any design work and 
mechanical design in particular.

1.19.1 systematic design procedure
The following steps should be followed by a design 
engineer who likes to execute his work systematically 
to avoid confusion and controversies at later stages 
of detail design, preparations of drawings, approvals, 
production, selection of alternative materials, 
inspection and dispatch of the product, and its 
performance in the field or market.
 1. Open a separate design calculation pad 

exclusively for the design project in hand. 
 2. Define the problem clearly after understanding 

the need or the improvement required.
 3. Chart out all given data concerning the problems, 

in figures and in remarks.
 4. Prepare simple sketches useful in understanding 

the rough physical appearance of the product.
 5. Note down all the assumptions required to simplify 

the problem definition and the subsequent solution.
 6. Write down problem in a mathematical form, if 

possible.

 7. Collect the relevant formulae or texts which will 
be useful for a better understanding of the problem.

 8. Collect relevant standards and codes and keep 
them handy on the design table. 

 9. Check the effect of the present design on the 
surroundings.

 10. Prepare an outline sketch of the assembly,  
sub-assemblies, and various mechanisms in the 
design.

 11. Develop free-body-diagrams of the components 
and analyse the loading.

 12. Apply the relevant physical laws and predict the 
behaviour of the whole system.

 13. Make use of the fundamental relationships 
developed in engineering mechanics, mechanics 
of materials, engineering materials and metallurgy.

 14. Record all changes made to the specifications, 
later date suggestions, and iterations made in the 
design. Important and crucial points should be 
marked in red.

All the data collected, calculated, derived, and 
noted during the course of the design work should 
be available clearly and legibly in the design note 
pad mentioned above. The design pad should serve 
as a ready reference for any clarifications sought by 
any party even after completion of the project. By 
following the aforementioned steps a good deal of 
valuable time can be saved for the designer and the 
organizations by avoiding search for any slips and 
mutual accusations and incriminations.

1.20 work and energy
All machines are designed to do some useful work 
converting some form of energy supplied to them. 
Work and energy have the same units. When forces or 
loads acting on machine members make them move 
through distances work is done. If work done by a 
force F on a body is represented by W and distance 
by s, 

W = F × s or expressed in general terms,
W = ∫F·ds (between limits s1 and s2). The two 

limits, s1 and s2 indicate the distances traversed up to 
position 1 and position 2, respectively. 

The distance travelled under the action of a force 
need not be linear. It is the cumulative product of the 
force and the distances travelled that is required to 
arrive at the work done. 
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Design of Machine Elements 15

We can take the example of a centrally mounted 
wheel or a disc that can rotate under the action of a 
tangential force F at a radius R as shown in Fig. 1.3.

N rpm

F

R

fig. 1.3 Rotating disc

When the disc makes N revolutions under the action 
of the force, the work done will be the product of the 
force and the distance travelled:

W = F × S
Here S = (2 × π × R) × N

Instead of a tangential force, we imagine a turning 
moment T turning the disc through an angle, θ, 
expressed in radians, 

W = F × R × θ = T × θ
When we say that work has been done on a 

component by a force or a turning moment or torque, 
it is understood that energy has been transferred to the 
member to be stored as another form of energy.

Energy has the same units as work. It is expressed 
in N·m or joule (J).

Example 1.5 (LO 7) A cam on a camshaft has 
to exert an upward force of 2 N to lift the follower 
against spring force in the valve operation of an IC 
engine. Eight degrees of ration of the cam produces 
a lift of 1.5 mm of the follower. Estimate the average 
torque on the camshaft. 
Solution: The cam and the follower are represented 
in Fig. 1.4.

We assume that the torque required on the 
camshaft is constant and friction between the cam and 
the follower and in the follower guides is negligible. 
These assumptions simplify the computations for now 
before a finer analysis could be taken up in the final 
design.

In the analysis we take the following steps:

fig. 1.4 Cam and follower

From the principle of conservation of energy, we 
can say that the work done on the camshaft is equal 
to the work done on the follower (with friction 
neglected).

Force on the follower F = 2 N
Upward displacement of follower S = 1.5 mm
Work done on the follower is equal to Force × 

distance = F × S N·mm= 2 × 1.5 = 3 N·mm
Let T (N × mm) be the torque on the camshaft. 
Work done on the camshaft = Torque × Rotational 

displacement
T × θ (in radians) = (T × 2 × π × 8)/360 = 0.1396 

T N × mm
Since output work is equal to input work, 

0.1396 T = 3
T = 21.49 N·mm

1.21 power
Power is different from work and energy. Work is 
defined as the rate of doing work or rate of transfer of 
energy. If distance is considered in the calculation of 
work, rate of travel, or speed or velocity at the point of 
application of force has to be considered to determine 
the power required to move a body under the action of 
the force or torque. Expressed mathematically,

Rate of work = F × V = (T/R) × R × ω = T × ω 
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16 Design of Machine Elements—A Perspective

In rotation the rate of travel or speed is the angular 
velocity expressed as radians per second. The work 
done by the force on the body or member will be equal 
to the integral of the product of force and the speed 
with reference to time. The power or energy transfer 
can be considered during a period of time starting at 
t1 and ending at t2.

W = ∫F·V dt (between limits t1 and t2)
The unit of power in SI units is J/sec or Nm/sec 

or popularly known as watt. A larger unit of power 
used to express the power of electrical motors and 
other appliances is kW equal to one thousand watts. 
The other unit of power, horsepower (hp) is a fraction  
of kW.

1 hp = 0.746 kW or 1 kW = 1.34 hp
Other relationships among parameters and their 
units:

Power in kW = (2 × π × N × T)/(60 × 106) where
     T = torque in N-mm

N = speed in revolutions per minute (rpm)
Alternatively,

T = [60 × 106 × (kW)]/(2 × π × N)

Example 1.6 (LO 7) The torque required on a 
motor shaft for driving a machine is 300 N·m. The 
motor shaft rotates at 1000 rpm. Calculate the power 
required from the motor.

Solution: Power required in kW = (2 × π × N × T)/60 
× 106 where, T = torque in N·mm; N = motor speed in 
revolutions per minute;

By substitution in the above formula, we obtain
Power in kW = (2 × π × 1000 × 3000 × 1000)/(60 

× 106) = 31.416 (kW)

Example 1.7 (LO 7) An electric motor shaft rotates 
at 1500 rpm and transmits a power of 40 kW to the 
input shaft of a speed reducer. The efficiency of the 
single stage gear box is 95% and the speed ratio is 5:1. 
Calculate the torque on the two shafts of the gear box. 
Also, calculate the torque ratio.
Solution: The torque Tm produced by the electric 
motor output shaft, 
Tm = [60 × 106 × (kW)]/[2 × π × N] where N1 = 1500 rpm

Tm = [60 × 106 × 40]/[2 × π × 1500] = 254.647 N·m

Gear box output power will be less owing to 
friction losses given in the efficiency as 95%.

Gear box output power = 40 × (95/100) = 38 kW
Speed of the gear box output shaft, N2 = 1500/(5:1) 

= 294 rpm
Torque Tg of the gear box output shaft 

[60 × 106 × (kW)]/[2 × π × N2] ⇒ [60 × 106 × 38]/ 
                            [2 × π × 294] = 1234.260 N·m

Increase in torque = 1234.260/254.647 = 4.85 (times)

Example 1.8 (LO 7) For cranking a wheel, a force 
of 500 N is required on a handle 400-mm long. If the 
cranking has to be done by an electric motor with a 
synchronous speed of 1000 rpm, find the power the 
motor has to develop for doing the job.

Solution: Torque produced on the handle = Force × 
arm length = 500 N × 400 mm = 200 N·m

The same torque can be produced by an electric 
motor running at 1000 rpm.

Power in kW to be developed by the motor is equal 
to (2 × π × N × T)/(60 × 106) =

(2 × π × 1000 × 200 × 103)/(60 × 106) = 20.95 kW

1.22 conservatIon of energy
Consider a system with no transfer of mass across 
its boundaries. Conservation of energy for such a 
system requires that the change in the total energy 
contained in the system must be equal to the sum of 
heat transferred to the system and the mechanical 
work done on the system. The same statement can be 
expressed as follows with the following notation:
Q = heat or thermal energy transferred into the system 
W = work performed on the system
ΔU = change in the internal energy of the system
ΔE = change in the total energy of the system
ΔKE = change in the kinetic energy of the system = 
(1/2) m (v2 - v0

2)
ΔPE = change in the potential energy due to gravity of 
the system = mg (Δh)

ΔE = ΔU + ΔKE + ΔPE = Q + W

This equation represents the total energy balance 
in a system. One form of energy is converted into 
another form but the total energy is conserved. The 
total energy also includes the energy irretrievably lost 
due to friction and heat dissipation. It is called the law 
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Design of Machine Elements 17

of conservation of energy which states that energy in 
whatever form cannot be created nor destroyed. 

Rate of energy balance in a system with respect to 
time is obtained by differentiating the total energy in a 
system with respect to time. Hence,
dE/dt = dU/dt + d(KE)/dt + d(PE)/dt = dQ/dt + dW/dt

The two terms on the RHS of the equation represent 
the rate of heat transfer into the system and the rate of 
work done on the system, respectively.

Work, power, and energy are concepts that are very 
essential in the design of machines which consume 
energy in one form or the other and give mechanical 
work or energy as output. Similarly, mechanical 
energy can be converted into other forms of energy. 
In both the cases, the law of conservation of energy 
(including all irretrievable losses) applies. 

1.23 preferred nuMBers
In engineering, the size of an end product has to be laid 
down or specified even before the design is made. In fact 
the design is based on specifications that will ultimately 
decide the size of the product. Basic specifications 
of some products are well known to even laymen. 
Examples are the horse power rating of an electric motor, 
the diameter of a car wheel, diameters of steel wires. 
Length, weight, load capacity, and capacity of containers 
are other examples. For the sake of standardization 
and reduction of inventory, products are designed with 
‘preferred sizes’. Preferred sizes also contribute to 
saving in initial cost, reduction in tooling, facility in 
manufacturing procedures, and saving in manufacturing 
time and cost. Preferred sizes also offer an overall benefit 
to the manufacturer in manufacturing cost and the end 
user or customer by way of competitive pricing.

The concept of preferred sizes is based on the 
theory of preferred numbers of Charles Renard, a 
French engineer. There are series of numbers like R5, 
R10, R20, R40, R80—a total of five. The series and 
the series factors are given in Table 1.5.

table 1.5 Basic Renard series and series factors

Series Series factor
R5 5th root of 10 = 1.58
R10 10th root of 10 = 1.26
R20 20th root of 10 = 1.12
R40 40th root of 10 = 1.06
R80 80th root of 10 = 1.03

In each series, say R10 or R20 we get a series of 
secondary numbers by multiplying any base number 
say 1 by the series factor. For example, taking one 
and multiplying it by 1.12 we obtain 1.12. Again 
multiplying 1.12 by the series factor (in R20 series) 
we get 1.2544. By following this procedure we can 
build a series of numbers in all the R-series (see 
Table 1.6). The resultant numbers are rounded off on 
practical considerations. 1.2544 is rounded off to 1.25 
and similarly (1.2544 × 1.12 = 1.40492) is rounded 
off to 1.4. 

table 1.6 Secondary (preferred) numbers in 
design

R5 R10 R20 R40
1.00 1.00 1.00 1.00

1.06

1.12 1.12
1.18

1.25 1.25 1.25
1.32

1.40 1.40
1.50

1.60 1.60 1.60 1.60
1.70

1.80 1.80
1.90

2.00 2.00 2.00
2.12

2.24 2.24
2.36

2.50 2.50 2.50 2.50
2.65

2.80 2.80
3.00

3.15 3.15 3.15
3.35

3.55 3.55
3.75

4.00 4.00 4.00 4.00
4.25

(Contd)
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18 Design of Machine Elements—A Perspective

table 1.6 (Contd)

R5 R10 R20 R40

4.50 4.50

4.75

5.00 5.00 5.00

5.30

5.60 5.60

6.00

6.30 6.30 6.30 6.30

6.70

7.10 7.10

7.50

8.00 8.00 8.00

8.50

9.00 9.00

9.50

10.00 10.00 10.00 10.00

The practical use of these preferred numbers can 
be understood from the Example 1.10. Crane wheels 
are standardized based on the size, mainly diameter. 
This makes spares inventory comfortable and less 
expensive. If we have to fix standard sixes between 
diameters of 200 mm and 800 mm, the aforementioned 
tables will help us very much. We choose R10 series 
and start with 200 mm as the smallest diameter for 
any wheel. The next higher size will be 2.5. All the 
sizes of the wheels falling in the range 200 mm and 
800 mm are 250 mm, 315 mm, 400 mm, 500 mm, and 
630 mm. In the R20 series, the additional sizes will 
be 225 mm, 280 mm, 355 mm, 450 mm, 560 mm, 
and 710 mm. Table 1.6 shows the preferred numbers 
based on the R-Series and series factors.

Example 1.9 (LO 8) Find the numbers in R10/4 
derived series. The numbers range from 1 to 10.
Solution: The series factor for R10 series is 10th root 
of 10 equal to 1.26. Let us find every third term in the 
derived series. If we want to find every third number 
in the derived series, the ratio factor is given by:

Ratio factor ϕ = (1.26)3 = 2.000
Now if the first number is 1 the other higher numbers 

are in R10/3 derived series are 1, 4, 8 and so on. 

To find the intermediate numbers, we have to 
derive R20 or R40 series. R20/4 derived series will 
give 1, 1.6, 2.5, 4, 6.3, 8, 10. This discussion helps 
us in determining the intermediate sizes in a series 
of products already in production. For example, a 
company making products of sizes 1, 4, and 8 sizes 
can expand the product range to include intermediate 
sizes of 1.6, 2.5, and 6.3.

Example 1.10 (LO 11) A manufacturer of front 
end loaders wants to develop a product range with 
capacities ranging from 25 kN to 800 kN. Initially the 
company wants to have 5 models and then extend to 
nine models within the same capacity range. Find the 
capacities of the front-end loaders.
Solution: Let the ratio factor be ϕ. The capacities of 
the five models will be

25 (ϕ)0, 25 (ϕ)1, 25 (ϕ)2, 25 (ϕ)3, 25 (ϕ)4

Since the maximum capacity of the front-end 
loader is 800 kN,

25 (ϕ)4 = 800
(ϕ)4 = 800/25 = 32

ϕ = (32)1/4 = 2.3784
Now using the ratio factor, the following product 

range can be finalized.
Load capacities:

First model: 25 kN
Second model: 25 × 2.3784 = 59.46 = 60 kN 
(approx.)
Third model: 25 × (2.3784)2 = 141.42 =140 kN 
(approx.)
Fourth model: 25 × (2.3784)3 = 336.35 = 340 kN 
(approx.)
Fifth model: 25 × (2.3784)4 = 799.99 = 800 kN 
(approx.)
For extending the range to nine models, the 
following procedure can be used.
For nine models the load capacities will be 

25 (ϕ)0, 25 (ϕ)1, 25 (ϕ)2, 25 (ϕ)3, 25 (ϕ)4, …, 25 (ϕ)8

Maximum capacity = 25 (ϕ)8 = 800 kN 
(ϕ)8 = 800/25 = 32

ϕ = (32)1/8 = 1.5422
The extended range of the product can now be 

listed as
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Design of Machine Elements 19

First model: 25 kN
Second model: 38.55 kN = 40 kN (appr.)
Third model: 59.46 kN = 60 kN
Fourth model: 91.65 kN = 90 kN
Fifth model: 141.42 kN = 140 kN
Sixth model: 218.1 kN = 220 kN
Seventh model: 336.34 kN = 340 kN
Eighth model: 518.71 kN = 520 kN
Ninth model: 799.96 kN = 800 kN
Depending on the need, the company can develop 

any number of models in this manner. In conclusion, 
it may be mentioned that the method of preferred 
numbers may not always be suitable for fixing a 
product range. There is no hard and fast rule that the 
principle of preferred numbers has to be adopted all 
the time. The manufacturing organization is free to 
choose the product range based on market conditions 
and the prevailing competition. Examples are speeds 
in metal-cutting machine tools and modules of gears.

1.24 desIgn for Manufacture 
and asseMBLy
Design for manufacture is a full-fledged subject 
taught at the post-graduate level. An attempt will 
be made here to introduce the concept of design for 
manufacture. Especially in these days of international 
marketing, design for manufacture assumes an 
important role in promoting business by introducing 
interchangeability, low processing and manufacturing 
cost, easy maintenance access, and reduction of 
overall inventory of spare parts. 

In engineering, design is one thing and 
manufacture or transforming the design drawing into 
tangible components or products is quite another 
mammoth task. The individual machine elements 
have to be made, assembled, inspected, and tested 
before a decision for despatch can be taken. If proper 
care is taken at the design stage for ensuring easy 
manufacture, the organization can reap rich dividends.

Some important guidelines are given in the 
following list to help the student and the young 
designer in grasping the practical meaning of design 
for manufacture:
 1. Any machine or device should contain the 

minimum number of individual parts.
 2. Standards and codes should be followed wherever 

possible.

 3. Modular design should be preferred. This means 
elements should be combined to form modules 
which fit or assemble easily with other modules. 
Assembly and dismantling during maintenance 
and repair become easy with modular design.

 4. The design sizes should conform to the 
manufacturing facilities and tooling available.

 5. Rerouting and transfer of material on the same 
paths for processing should be avoided by 
specifying the sequence of operations at the 
design stage.

 6. Suitable chamfers, locating lugs or pins, spigots 
and recesses, guide ways, and marking lines should 
be amply provided to ensure unobstructed view, 
easy accessibility, and self-location of parts during 
assembly. This arrangement will greatly help in 
dismantling of assembled parts for subsequent 
repair, maintenance, and trouble-shooting.

 7. Finally, the number of standard parts used in 
an assembly or a machine should be minimized 
to cut down on inventory cost and storage 
documentation and cost. 

A machine component has to be manufactured 
by adopting different processes and methods like 
casting, forming, machining, welding or fabrication, 
bolting, welding, rivetting, among others. The method 
or methods adopted depend on the materials, quality, 
cost, and so on. The shape, surface finish, tolerances, 
and quality also influence the decision regarding the 
selection of the manufacturing methods to be applied 
for the manufacture of the component. Each one of 
these methods has its own facility and complexity. The 
endeavour of the designer is to base his design on the 
best methods for optimum cost and maximum benefit 
by way of quality and performance. In the following 
sub-sections, the various manufacturing methods 
are discussed in brief pinpointing their merits and 
demerits. The young designer should bear these points 
in mind while deciding the type of manufacturing or 
process for the component under consideration.

1.24.1 casting
Machine components that do not conform to any 
geometrical shape, or in other words, machine parts 
of articulate shape with intricate sections, are best 
made by casting, which is a metal-forming process. 
The engine block of a multi-cylinder IC engine is a 
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20 Design of Machine Elements—A Perspective

good example. Engine blocks are castings, either 
cast iron or aluminium alloy. Casting technology has 
advanced a lot and machining of intricate castings is 
also possible with special-purpose machines. Castings 
are preferred where rigidity and negligible deflections 
are desired as in the case of machine tool beds and 
columns, gear box casings, pump housings, generator 
and motor casings, engine blocks, etc. A few important 
points that the designer has to consider during casting 
design are mentioned here.

Cast iron parts are much stronger in compression 
than in tension. To the maximum extent possible, cast 
components are used for withstanding compressive 
forces. Sections in a casting should not not have abrupt 
changes. Thin sections should be avoided for facility 
in pouring and spreading of molten metal through 
intricate sections. All corners in castings should be 
smooth and rounded with generous fillet radii. This 
measure greatly reduces stress concentration at 
corners and prevents formation of blowholes and slag 
inclusions. Pockets of metal shrinkage can be avoided 
by providing cored holes at critical points and proper 
location of stiffeners and ribs inside or outside the 
castings. 

Casting requires a full-fledged establishment like 
a foundry including a pattern shop, melting shop with 
furnace(s), a fettling shop, and heat treatment facility 
among others.

1.24.2 welding or fabrication
The equipment required for welding is less expensive 
than in the case of casting. Unlike casting, some 
portions of welding or fabrication work can be 
undertaken at the construction site also. 

Welding, which is a metal-joining process, is 
versatile, provided the metals to be joined have good 
weldability. Compared to an equivalent casting, a 
weldment or the welded component is lighter. An 
example is a rope pulley used at the free end of a 
crane jib. Where possible, castings should be replaced 
by welded (fabricated) parts. Welded parts can have 
thinner sections and they do not suffer from defects 
like slag inclusions and blow holes. 

An important point to be borne in mind with 
welding is the accessibility of the weld location. 
Overhead welding should be avoided as much as 
possible. Welded components are liable to develop 

internal stresses due to the thermal effects during 
the welding process. Warping of welded parts could 
be a possibility. To minimize these effects, a proper 
sequence of welding should be followed. The design 
drawing must show the welding details including the 
sequence of welding. The production or the process 
engineer is always consulted in preparing the welding 
sequence of complicated structures or components to 
be made by fabrication. 

1.24.3 forging
Forged components when properly manufactured are 
expected to contain near-zero defects as in castings like 
blowholes, slag inclusions, pinholes, and cracks. They 
are strong against severe fluctuating and completely 
reversed loads as in rotating shafts, crakshafts in IC 
engines, and components subjected to vibrations like 
aircraft structure, automotive parts, and rolling stock. 
Forgings are reliable and ensure safety in operation. 
Moreover a properly designed forged component 
does not require large compressive and impact forces 
during the forging operation. This reduces the forces 
on the dies and the civil foundation, thus reducing the 
first cost and extending the service life of the dies.

Like in castings and welded components there are 
a few important points to be considered in the design 
of forged components. The design should be such that 
the force flow lines in the loaded component should 
be along the grains in the metal structure and not 
across it. A forging is weaker in the latter case. When 
forging dies are used, the parting line between the two 
opposing dies should be kept in one plane, as much as 
possible. A forging should have rounded (not sharp) 
corners and should be provided with proper fillet radii 
where necessary. As in castings, thin sections should be 
avoided in forgings. As a general guideline, the thinnest 
section in a steel forging should be about 5 mm.

1.24.4 Machining
It can be said without hesitation that there is hardly 
any mechanical engineering component that does not 
require some kind of machining operation before it 
can be used in a machine. Machining extends from 
rough machining to expensive operations such 
as drilling, reaming, milling, planing, grinding, 
honing, lapping, reboring, polishing, burnishing, and 
superfinishing. The equipment required for machining 
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Design of Machine Elements 21

are also extensive and varied and can be generally 
divided in to two categories—general-purpose 
machine tools (lathes, drilling machines, shaping 
machines, grinding machines) and special-purpose 
machines (SPMs). The field of machine tools is vast 
and drafting the guidelines for machining design is 
a difficult task. However, a few points that apply to 
almost all machining operations are discussed here.

Machining adds to the cost of a component. As 
such it is generally recommended that where not 
necessary or required, machining should be avoided.

The number of machining operations on a 
component increases the machining time. In addition 
to the actual machining time, transfer time (from 
machine to machine), mounting time, and dismantling 
time add to the total cycle time. The design of a 
machined component should be such that the idle time 
in the total cycle time should be as short as possible. 
This increases the productivity of the machine shop 
as a whole, enhancing the overall turnover of the 
machining facility.

Expensive machining operations like grinding 
should be avoided to cut down machining cost. 
Close tolerances, where not required, should not be 
provided. Of course, the designer is the best judge in 
this regard. The raw stock used for machining should 
preferably be round bars, square bars, and hexagonal 
bars in standard sizes as available in the market. Shaft 
surfaces that do not carry any components like gears, 
pulleys, or rotors should be left unfinished. Even on 
the machined portions, stretches of fine machining like 
grinding should be provided, for example, in bearing 
seats. Grooves on shafts for circlips should be properly 
made based on manufacturers’ recommendations. A 
machined component should have adequate rigidity 
to (a) withstand the cutting forces on a machine tool, 
(b) avoid vibrations and tool chatter and (c) introduce 
dimensional inaccuracies in the job. Sharp corners 
and abrupt changes in cross section should be strictly 
avoided on machined components. The machinability 
of a material should be checked before using it in 
the design. Hard materials take longer machining 
time, add to the cost, and adversely affect the overall 
productivity.

1.24.5 design for assembly
Design for assembly takes into account the difficulties 
faced by the workshop personnel during the assembly 

of the machines designed by him/her. At the design 
stage itself, while preparing the assembly drawings, 
care should be taken to check the accessibility of 
places or points on the machines, especially where 
joints are involved with bolts, rivets and assembly 
welds. Handling of components for assembly is 
another factor which has to be considered. The cost of 
handling the components, sub-assemblies, and other 
machine parts or panels should be minimized during 
assembly. Moreover, the designer should not design 
whole components that cannot be handled by the  
in-house handling facilities. 

Therefore, design for manufacture and design for 
assembly are two subjects with which the designer 
should be familiar, if not conversant. The designer can 
always draw on the expertise available from the shop 
floor in such matters so that the designs are fine-tuned 
before release for manufacture.

1.25 surface fInIsh, LIMIts, 
fIts, and toLerances 
The overall dimensions of a machine, a device or 
equipment, or the sizes determined by design and 
analysis for the component parts of a machine cannot 
be called by any means complete design. Take for 
example, the diameter of the cylinder bore which 
is specified the same as that of the piston in an IC 
engine. A flywheel has to be fitted on a shaft without 
a key so that it does not rotate relative to the shaft.

There are two things that are important here, 
namely surface finish and the type of fit. These are 
interrelated and greatly affect the performance of the 
component and the machine. 

1.25.1 surface finish
Surface finish, which defines the condition of a surface, 
machined or unmachined, is also termed as surface 
roughness. Appropriate surface finish is required 
on machine components from the viewpoint of 
performance and aesthetic appearane. Surface finishing 
involves cost and should be avoided where not required. 

The surface of a blacksmith’s anvil need not be 
machined or given a finishing. However, the the 
surface of a car’s body has to be finished for obtaining 
the gloss and elegance it is required to present.  

A good surface finish on exposed areas reduces the 
tendency to atmospheric corrosion. A fine-finished 
surface on a component posseses better endurance 
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22 Design of Machine Elements—A Perspective

strength. Based on the operational requirement, the 
designer has to specify an optimum surface finish on 
the machine components, bearing in mind that the 
major factor to be considered in this regard is cost.

A very popular concept for surface roughness is 
the root mean square (RMS) value. On a given length 
L of a surface of a component, the highs and lows 
are marked and a mean straight line parallel to the 
longitudinal axis of the component is drawn. If the 
highs (positive) and lows (negative) along the Y-axis 
are denoted by y and the length is measured as x, the 
RMS value of the surface roughness is given by

RMS = [(1/L)∫y2dx]1/2

The limits of integration are 0 and L since the 
investigation is along the length of the given surface.

For ready reference the RMS values of surface 
finish obtained by various machining processes are 
given in Table 1.7.
table 1.7 RMS values

Machining process RMS (microns)
Turning-milling-shaping    12.0 to 1.0
Drilling 6.5 to 2.5
Reaming 2.5 to 0.5
Grinding 6.0 to 0.5
Honing, lapping, polishing  0.5 to 0.05

Surface finish charts and conversion charts from 
the FPS system to metric system are available in 
appropriate literature. The numerical value required 
surface finish has to be indicated in the design 
drawing on the surface of the component. Surface 
finish details are as important as the dimensions on 
a design drawing and are subjected to strict shop 
inspection.

Electropolishing is an extremely effective method 
for improving surface finish. It can be said that 
electropolishing is the opposite of electroplating 
where an additional coating is formed on the rough 
surface. Mechanical polishing leaves numerous 
scratches on the surface with varying electrical 
potential increasing the possibility of the formation of 
local corrosive cells. Electropolishing is an electrical 
method that uses electrical current and some specified 
cleaning chemicals to reduce the asperities (high 
points) on a given surface. The method is much more 
effective than the mechanical methods mentioned so 

far. Since the peaks on the surface are removed, the 
total area to be cleaned and sterilized is very much 
reduced. Surface defects and smears like dirt, oil, or 
grease are removed and the surface assumes a lustre. 
Surface friction is greatly reduced and corrosion 
resistance is improved. 

1.25.2 Limits, fits, and tolerances
When two surfaces are in contact and they are in 
relative motion, there is something called a type of  
fit between the  two components at the interface. 

 A piston should be free to reciprocate inside the 
cylinder in its bore with very little clearance. This 
is called a clearance fit. A similar fit can also be 
provided between a rotating shaft and a fixed bush 
bearing. In both cases, the moving part has a slightly 
smaller dimension than the stationary part, although 
in macroscopic terms the two dimensions are the 
same. Between the flywheel bore and the crankshaft 
there should be an interference fit. That means the 
shaft diameter should be slightly larger than the bore 
in the flywheel hub. 

These are the two extremes between which are 
what are called fits like transition fit, light push fit, 
force fit, press fit. These are required in mechanical 
engineering for various applications. For achieving 
these fits the macro-dimensions of machine parts are 
provided with limits—upper limit and lower limit—
and when they match with the other part with suitable 
limits give us the desired fit as per design. These 
smaller dimensions, giving the limits can be called the 
micro-dimensions. 

When a part is manufactured, its dimension has 
to be maintained. The allowable variation in the 
dimension is called the tolerance, which can otherwise 
be called the permissible deviation from the macro-
dimension. When this tolerance is tight meaning that 
the difference is narrow and the two limits are close, 
the tolerance is called close and the part is said to have 
close tolerance. Obviously parts manufactured to 
close tolerance are more expensive. Closer tolerances 
ensure quality, and smooth and stable operation of 
a machine. High-end cars are manufactured with 
better materials for parts with close manufacturing 
tolerances. A surface machined with close tolerances 
will have a much better finish, which becomes quite 
evident in automobiles.
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Design of Machine Elements 23

The detail drawings and assembly drawings of 
machines should clearly mention the data on limits, 
fits and tolerances, and surface finish symbols (rough 
machining, fine machining, grinding, polishing, 
honing, lapping, super-finishing, etc.) must be 
available on the drawings to the shop floor personnel. 
Production costs are directly proportional to the 
number and closeness of tolerances given on the 
drawing(s). 

The basic dimension for example, the diameter of a 
shaft, say 40 mm, is the normal size or the basic size. 
The two permissible upper and the lower sizes or in 
other words, the maximum size and the minimum size 
are called the upper and the lower limits, respectively. 
The difference between the upper and the lower 
limits is the (permissible) tolerance. It is also called 
the permissible variation from the normal or basic 
dimension of the machine part.

When a journal rotates inside a sleeve bearing, 
there should be enough clearance between the journal 
and the sleeve for free movement and for retention of 
lubricating oil in the clearance. For the nomenclature 
of tolerances, see Figs 1.5(a) and (b), which show 
graphically the meaning of tolerance in design 
engineering practice.

Upper deviation for hole

Base line

Hole
Zero line/

Max. dia. of shaft
Min. dia. of shaft

Min. dia.
of hole

Shaft tolerance
Hole tolerance

Max. dia.
of hole

(a)

B
as

ic
si

ze Shaft
Schematic
representation

Lower deviation for hole
Lower deviation for shaft
Upper deviation for shaft

Fundamental
deviation

Magnitude of
tolerance

Zero line/Base line

(b)

fig. 1.5 (a) Nomenclature in tolerance 
(b) Tolerance

1.26 unilateral and Bilateral 
tolerances
In engineering practice, tolerances are specified 
by two systems, unilateral and bilateral tolerance 
systems. In the unilateral system, one of the limits—
upper or lower—is set at zero and all the permissible 
variation is included in the other limit. As an example, 
we can specify a 60-mm dimension as 60+0.05/+0.00 or 
60+0.00/-0.05.

In the bilateral system, there are variations in 
both directions, upper and lower. As an example we 
can write 80±0.4 or 80+0.4/-0.2. Though not always, in 
bilateral tolerance system, the two limits are equal.

Example 1.11 (LO 10) A light press fit, H7/p6 is 
provided for a brass sleeve inside a gear hub. Using 
the tolerance tables, find the micro-dimensions for the 
hub and the sleeve. The macro-dimension for the gear 
hub bore and the sleeve is 40 mm.
Solution: For the bore in the hub, 40H7 denotes 
40+0.025/0.00 or 40.025/40.000 mm

For the sleeve 40p6 denotes 40+0.042/0.026 or 
40.042/40.026 mm
Maximum interference = 40.042 - 40.000 = 0.042 mm
Minimum interference = 40.026 - 40.025 = 0.001 mm

Example 1.12 (LO 10) The gudgeon pin bush 
in the small end of a connecting rod has an outside 
diameter of 50 mm and an inner diameter of 30 mm. 
It is provided with an interference fit in the eye of the 
connecting rod and a clearance fit on the gudgeon pin. 
Determine the micro-dimensions and the maximum 
and minimum interference and clearance in the 
respective cases.
Solution: 
Interference fit between the sleeve and the eye of small 
end:
Let the interference fit provided be H7r6.
For the eye, 50H7 denotes 50+0.025/0.000 or 
50.025/50.000 mm 
For the sleeve on the outer diameter, 50r6 denotes 
50+0.045/0.034 or 50.045/50.034 mm
Maximum interference = 50.045 - 50.000 = 0.045 mm
Minimum interference = 50.034 - 50.025 = 0.009 mm
Clearance fit between the bush and the gudgeon pin:
Let the clearance fit be H8g7.
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24 Design of Machine Elements—A Perspective

For the bush, 30H8 denotes 30+0.039/0.000 or 
30.039/30.000 mm
For the piston pin, 30g7 denotes 30-0.025/-0.034 or 
29.075/29.066 mm
Maximum clearance = 30.039 - 29.066 = 0.073 mm
Minimum clearance = 30.000 - 29.075 = 0.025 mm

1.27 fIts
Let us say that we are assembling a journal in a 
sleeve bearing. The relation that results between their 
sizes due to the difference in individual actual size 
is called fit. If the shaft size is smaller than that of 
the sleeve, it is called a clearance fit. Now consider 
a wrought wheel tyre or rim is heated and shrunk on 
to a steel wheel. After cooling, the tyre fits on the 
wheel without any clearance. It would rather be an 
interference fit where the actual size of the wheel tyre 
(its inner diameter) is less than the actual diameter of 
the wheel (it outer diameter). By varying the upper 
and lower limits, a series of fits are obtained between 
two mating components, namely clearance fits, 
transition fit, light press fit, force fit, and interference 
fit. In transition fits, the tolerance zones of the two 
mating components overlap. The resulting fit can be a 
clearance fit or interference fit depending on the actual 
values of tolerances. Figure 1.6 illustrates the types of 
fits explained in this paragraph.

Shaft
Shaft

Zero

Hole
(c)

Hole
(b)

Hole

Base
line

Shaft
(a)

line

fig. 1.6 Types	of	fits	(a)	Clearance	(b)	Transition	
(c) Interference

The tolerance systems fall into two categories, 
hole-basis and shaft-basis systems. A single hole is 
the basis for the hole-basis system. Here the lower 
deviation is zero. It is also called the H-system. The 
different fits are obtained by assembling various 
shafts with the single H-hole. In the same fashion 
we have a hole-basis also which is based on single 
hole whose upper deviation is zero. The system is 
called the h-system. Figures 1.7 and 1.8 show the two 
systems separately. 

Shaft
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Shaft
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fig. 1.7 Fits on the hole-basis (a) Clearance (b) 
Transition (c) Interference

Shaft

Shaft

(b)

Shaft

Zero
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Base

Hole

Hole

(c)(a)

fig. 1.8 Shifts on shaft basis (a) Clearance (b) 
Transition (c) Interference

Experience has shown that different types of fit 
are required for different applications. Table 1.8 
gives general guidelines for selecting fits for some 
applications. Specific experience and field data 
available with manufacturers must be used in actual 
practice for better performance equipment. Table 
1.8 gives recommended fits for general engineering 
applications.

1.28 toLerance grades
The Bureau of Indian Standards stipulates that the 
tolerance is specified by a letter (alphabet), which can 
be a capital letter or a small letter and the grade of 
tolerance by a number, for example, H8 or p6. A fit 
is specified as a combination of the tolerances on the 
two mating parts, say a shaft and sleeve, for example 
60 H8/h7, 50 H7-g8 or 40h9 H8. 

The number denoting the grade of tolerance 
includes a group of tolerances with the same level of 
accuracy. There are a total of 18 grades of tolerances 
like IT1, 1T2, …, IT18.

After deciding on the proper fit to be used in an 
application, the micro-dimensions can be calculated. 
However, ready-made tables are available in standards 
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Design of Machine Elements 25

table 1.8 Recommended	fits

Type of FU Shaft
Tol.

Hole Tol.
Brief description Examples 

H7 H8 H9 H11
Clearance c11 Loose clearance Some farm equipment

d10 Loose running Gland seals
e9 Easy running Several bearing in line
f7 Normal running Pump or gear box shaft bearings
g6 Precision location Light precision bearings
h6 Average location Non-running assemblies

Transition k6 Easy keying Couplings keyed to shafts
n6 Push Fitted bolts

Interference p6 Press Gears, nuts
s6 Heavy press Bearing bushes in alloy housings

that give the fundamental deviation, magnitude of 
tolerance of various grades mentioned above. In this 
text, Tables 1.9, 1.10, and 1.11 show the tolerances for 
hole-sizes, and shaft-sizes up to 100 mm are given for 
reference and for a better understanding of the topics 
discussed so far. 

table 1.9 Tolerances for holes

Diameter 
steps in mm H

Over To 5 6 7 8
es

9 10 1 5.11
ei

0 3 +4 +6 +10 +14 +25 +40 +60 0

3 6 +5 +8 +12 +18 +30 +48 +75 0

6 10 +6 +9 +15 +22 +36 +58 +90 0

10 18 +8 +11 +18 +27 +43 +70 +110 0

18 30 +9 +13 +21 +33 +52 +84 +130 0

30 50 +11 +16 +25 +39 +62 +100 +160 0

50 80 +13 +19 +30 +46 +74 +120 +190 0

80 100 +15 +22 +35 +54 +87 +140 +220 0

The following examples are useful in understanding 
the concepts discussed so far on limits, fits, and 
tolerances and using the tolerance tables for different 
sizes and grades. 

Example 1.13 (LO 10) A light press fit, H7/p6 is 
provided for a brass sleeve inside a gear hub. Using 
the tolerance tables, find the micro-dimensions for the 
hub and the sleeve. The macro dimension for the gear 
hub bore and the sleeve is 40 mm.

Solution: For the bore in the hub, 40H7 denotes 
40+0.025/0.00 or 40.025/40.000 mm
For the sleeve 40p6 denotes 40+0.042/0.026 or 
40.042/40.026 mm
Maximum interference = 40.042 - 40.000 = 0.042 mm
Minimum interference = 40.026 - 40.025 = 0.001 mm

Example 1.14 (LO 10) The gudgeon pin bush 
in the small end of a connecting rod has an outside 
diameter of 50 mm and an inner diameter of 30 mm. 
It is provided with an interference fit in the eye of the 
connecting rod and a clearance fit on the gudgeon pin. 
Determine the micro-dimensions and the maximum 
and minimum interference and clearance in the 
respective cases.
Solution:
Interference fit between the sleeve and the eye of small 
end:
Let the interference fit provided be H7r6.
For the eye, 50H7 denotes 50+0.025/0.000 or 
50.025/50.000 mm 
For the sleeve on the outer diameter, 50r6 denotes 
50+0.045/0.034 or 50.045/50.034 mm
Maximum interference = 50.045 - 50.000 = 0.045 mm
Minimum interference = 50.034 - 50.025 = 0.009 mm
Clearance fit between the bush and the gudgeon  
pin:
Let the clearance fit be H8g7.
For the bush, 30H8 denotes 30+0.039/0.000 or 
30.039/30.000 mm
For the piston pin, 30g7 denotes 30-0.025/-0.034 or 
29.075/29.066 mm

Chapter 01.indd   25 01-08-2017   14:42:02

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



ta
bl

e 
1.

11
 

To
le

ra
nc

es
 fo

r s
ha

fts
 o

f s
iz

es
 u

p 
to

 1
00

 m
m

 (f
ro

m
 j 

to
 s

)

D
ia

m
et

er
 

st
ep

s i
n 

m
m

j
k

m
n

p
r

s

5
6

7
5

6
5–

6
6

7
6–

7
6

7
6–

7
6

7
6–

7
5

6
5–

6
5

6
7

5–
7

O
ve

r 
to

es
ei

es
ei

es
ei

es
ei

es
ei

es
ei

es
ei

es
ei

es
es

es
ei

0
3

+2
-2

+4
-2

+6
-4

+4
+6

0
+8

-
+2

+1
0

+1
4

+4
+1

2
+1

6
+6

+1
4

+1
6

+1
0

+1
8

+2
0

+2
4

+1
4

3
6

+3
-2

+6
-2

+8
-4

+6
+9

+1
+1

2
+1

6
+4

+1
6

+2
0

+8
+2

0
+2

4
+1

2
+2

0
+2

3
+1

5
+2

4
+2

7
+3

1
+1

9
6

10
+4

-2
+7

-2
+1

0
-5

+7
+1

0
+1

+1
5

+2
1

+6
+1

9
+2

5
+1

0
+4

+3
0

+1
5

+2
5

+2
8

+1
9

+2
9

+3
2

+3
8

+2
3

10
18

+5
-3

+8
-3

+1
2

-6
+9

+1
2

+1
+1

8
+2

5
+7

+2
3

+3
0

+1
2

+9
+3

6
+1

8
+3

1
+3

4
+2

3
+3

6
+3

9
+4

6
+2

8
18

30
+5

-4
+9

-4
+1

3
-8

+1
1

+1
5

+2
+2

1
+2

9
+8

+2
8

+3
6

+1
5

+3
5

+4
3

+2
2

+3
7

+4
1

+2
8

+4
4

+4
8

+5
6

+3
5

30
50

+6
-5

+1
1

-5
+1

5
-1

0
+1

3
+1

8
+2

+2
5

+3
4

+9
+3

3
+4

2
+1

7
+4

2
+5

1
+2

6
+4

5
+5

0
+3

4
+5

4
+5

9
+6

8
+4

3
50

80
+6

-7
+1

2
-7

+1
8

-1
2

+1
5

+2
1

+2
+3

0
+4

1
+1

1
+3

9
+5

0
+ 2

0
+5

1
+6

2
+3

2
+5

5
+6

1
+4

2
+6

9
+7

5
+8

6
+5

6
80

10
0

+6
-9

+1
3

-9
+2

0
-1

5
+1

8
+2

5
+3

+3
5

+4
8

+1
3

+4
5

+5
8

+2
3

+5
9

+7
2

+3
7

+6
6

+7
3

+5
4

+8
6

+9
3

+1
06

+7
1

ta
bl

e 
1.

10
 

To
le

ra
nc

es
 fo

r s
ha

fts
 o

f s
iz

es
 u

p 
to

 1
00

 m
m

 (f
ro

m
 d

 to
 h

)

D
ia

m
et

er
st

ep
s i

n 
m

m
d

e
f

g
h

S1
1

8
9

10
11

6–
9

6
7

8
9

6–
8

6
7

8
6–

7
6

7
5–

10
5

6
7

8
9

10
O

ve
r

to
es

ei
es

ei
es

ei
es

ei
es

ei
0

3
-2

0
-3

4
-4

5
-6

0
-8

0
-1

4
-2

0
-2

4
-2

8
-3

9
-6

-1
2

-1
6

-2
0

-2
-8

-1
2

0
-4

-6
-1

0
-1

4
-2

5
-4

0
3

6
-3

0
-4

8
-6

0
-7

8
-1

05
-2

0
-2

8
-3

2
-3

8
-5

0
-1

0
-1

8
-2

2
-2

8
-4

-1
2

-1
6

0
-5

-8
-1

2
-1

8
-3

0
-4

8
6

10
-4

0
-6

2
-7

6
-9

8
-1

30
-2

5
-3

4
-4

0
-4

7
-6

1
-1

3
-2

2
-2

8
-3

5
-5

-1
4

-2
0

0
-6

-9
-1

5
-2

2
-3

6
-5

8
10

18
-5

0
-7

7
-9

3
-1

20
-1

60
-3

2
-4

3
-5

0
-5

9
-7

5
-1

6
-2

7
-3

4
-4

3
-6

-1
7

-2
4

0
-8

-1
1

-1
8

-2
7

-4
3

-7
0

18
30

-6
5

-9
8

-1
17

-1
49

-1
95

-4
0

-5
3

-6
1

-7
3

-9
2

-2
0

-3
3

-4
1

-5
3

-7
-2

0
-2

8
0

-9
-1

3
-2

1
-3

3
-5

2
-8

4
30

50
-8

0
-1

9
-1

42
-1

80
-2

40
-5

0
-6

6
-7

5
-8

9
-1

12
-2

5
-4

1
-5

0
-6

4
-9

-2
5

-3
4

0
-1

1
-1

6
-2

5
-3

9
-6

2
-1

00
50

80
-1

00
-1

46
-1

74
-2

20
-2

90
-6

0
-7

9
-9

0
-1

06
-1

34
-3

0
-4

9
-6

0
-7

6
-1

0
-2

9
-4

0
0

-1
3

-1
9

-3
0

-4
6

-7
4

-1
20

80
10

0
-1

20
-1

74
-2

07
-2

60
-3

40
-7

2
-9

4
-1

07
- 1

26
-1

59
-3

6
-5

8
-7

1
-9

0
-1

2
-3

4
-4

7
0

-1
5

-2
2

-3
5

-5
4

-8
4

-1
40

Chapter 01.indd   26 01-08-2017   14:42:02

© Oxford University Press. All rights reserved.

Oxfo
rd

 U
niversi

ty
 Pre

ss



Design of Machine Elements 27

Maximum clearance = 30.039 - 29.066 = 0.073 mm
Minimum clearance = 30.000 - 29.075 = 0.025 mm

Example 1.15 (LO 10) A journal and a sleeve with 
a nominal diameter of 40 mm are given provided with 
tolerances of H8-g7. Find the maximum and minimum 
clearances between the two mating parts.

Solution: The sleeve has a H8 tolerance (hole basis 
will have the lower limit zero and the upper limit 
from the table) of +39. The two limits can be shown 
as 40.039/40.000 mm.

For the journal the limits are -0.009 and -0.034 
(taken from Tolerance Tables). The size of the journal 
will be 39.991/39.968 mm. Maximum and the minimum 
clearances between the journal and the sleeve will be

40.039 - 39.968 = 0.071 mm
40.000 - 39.991 = 0.009 mm

1.29 MachInIng cost and 
toLerances
It has been found that the rate of increase of machining 
cost, in general, is not significant up to semi-finishing 
operations. But beyond semi-finishing to super-
finishing operations like grinding, honing, polishing, 
there will be a steep rise in the machining costs. That 
is the reason manufacturing processes, machining in 
particular, should be selected very carefully. Non-
essential fine machining should be avoided wherever 
possible.

Experience is required in deciding these factors 
regarding process and tolerances. Design engineers 
should always refer to the standards available on the 
subject to make their designs more authentic and at 
the same time cost-effective.

The topic of limits, fits, and tolerances is vast and 
can be studied from literature available on the subject. 
The designer must be aware of the vital point that 
where close tolerances are not necessary, they have 
to be avoided, unless they are required for better 
performance or just for the sake of individual fancy 
and luxury. 

1.30 reLIaBILIty In desIgn
Another word for reliability is dependability. When we 
embark on a long overnight journey in a car, we must 
be sure of reaching our destination without any failure 
or breakdown on the way. We rely on the fitness of 

our vehicle. In a similar way, any engineering product 
must be reliable. It should be clearly understood that 
reliability cannot be ensured by adopting a high factor 
of safety. This is because failure is related to many 
other areas rather than just design. In this competitive 
world, products vie with each other in reliability rather 
than any other property. If reliability is such a highly 
desired property, how do we define it and quantify it?

The reliability features of a machine or a device 
can be listed as:
1. Durability
2. Dependability
3. Stability of operation
4. Low maintenance and repair
5. Low frequency of failure
6. Long periods between consecutive failures
7. Ease in maintenance and repair
8. Negligible trouble in operation
9. Ease in upkeep, clean-up, and lubrication

 10. Resistance to ageing and environmental effects
like sunshine, snow, and rain

 11. Need for little supervision
 12. Overload capacity or endurance
 13. Low fatigue level of operator

This list contains some terms which appear to be 
synonymous with others and some others overlap in 
meaning. That goes to show that reliability is not easy 
to define unless we take into account so many features 
that make a product dependable and acceptable to the 
customer.

Reliability is defined as a measure of the 
probability that a product will not fail in its function. 
The probability can be measured or quantified by 
statistical methods. For any component, the stresses 
involved during operation and the strength of the 
materials of construction can be tabulated and their 
statistical distribution can be studied. The success 
rate can be determined by drawing a comparison 
between the two distribution curves. Instead of going 
into the theory of probability at this juncture we can 
understand reliability in simple terms as explained in 
the following paragraph.

If R is the reliability of a product, R will be unity 
when the product could be 100% reliable—which is 
not the case in general mechanical practice. The value 
of R will lie within the limits of zero and unity. This 
means that in engineering products there is some 
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28 Design of Machine Elements—A Perspective

amount of ‘unreliability’ which is why the value of R 
always less than one. To make the point more clear, if 
the reliability of a product is 90% (which is generally 
the case), there is 10% chance that it will fail in its 
function and the reliability is therefore 90%.

Let us look at it in a different way. We take a batch 
of identical components. If the batch quantity is 100 
and the failure of 3 components is established in 
each such test batches, the failure rate is 3% and the 
reliability is given by

R = (1 - 3/100) = 0.97 or 97%
The reliability of a product depends on the design, 

materials of construction, process, precision in 
manufacture, proper inspection, and any other crucial 
factors characteristic of the organization. The design 
engineer is therefore advised to use his expertise and 
exercise his best judgement and discretion in choosing 
his reliability factors which are not necessarily the 
same for all components in machine.

Reliability is best understood and quantified by 
conducting experiments and field tests on machine 
components in actual operation in cases where 
the degree of uncertainty is high. The value of 
reliability factor depends primarily on the criticality 
of the component involved in the investigation or the 
design. For example, the wings of an aircraft should 
theoretically have a reliability of unity or 99.99%. The 
antifriction bearings in a general machine are usually 
designed with a reliability factor of 90%.

1.31 aesthetIcs In desIgn
In engineering design, functional requirements of 
a product, device, or equipment are of paramount 
importance. Any device has to give the desired 
output or performance for a reasonably long service 
period and ensure a good value to the price which the 
customer pays for it. So far so good! In the globalized 
market of the present day, there is a large number of 
competitive products from which the customer has 
to choose. They all have almost the same quality, 
durability, reliability, comparable service life, and so 
on. Above all these characteristics, the one product that 
attracts the buyer is its external appeal, a streamlined 
shape, and a soothing colour or colour combination. 
All these additional features are summed up in one 
word—aesthetic appeal to the purchaser. Just like 
architecture in building design and construction, 

aesthetics in machine design and manufacture plays a 
vital role in making the product easily marketable, all 
other things being equal and on par with others.

Consumer products, automobiles, furniture are 
examples of products which have to be necessarily 
developed based on aesthetic aspects. A harmonious 
combination of technical specifications of 
performance, quality, surface finish, and aesthetic 
features goes a long way in developing an excellent 
piece of equipment that could have an immediate 
appeal to the discerning customer.

1.32 product range 
Product range can be understood by imagining pair of 
shoes from size 4 to size 12. Sizes 4-12 constitute the 
product range for a particular shoe model or design. 
The same concept can be applied to automobile 
engines, the smallest being say 39 hp and gradually 
increasing, 50 hp, 70 hp, 90 hp, 120 hp, 150 hp, 180 hp,  
and so on. This is just a random example and 
the figures given are approximate. The range of 
capacities of an automobile engine is now from 39 
hp to 180 hp. 

It is easily seen that if the range is wide, the designs 
should be different for each of the sizes in the range. 
Many of the components may not be interchangeable 
and have to be manufactured separately for each 
engine size. This increases the initial cost of 
machinery, tooling, processing, and inventory costs. 
Therefore, any manufacturer always tries to optimize 
the product sizes and minimize the product range. 
This is called reduction of product range. The width of 
the product range is influenced by market conditions, 
manufacturing facilities, and other commercial and 
financial considerations. The product range can be 
narrowed down by the following methods:
1. Rationally selecting design parameters such as

capacity, rating, and overall dimensions.
2. Making each machine more versatile
3. Keeping reserve capacities in the present designs

for future development and demand

1.32.1  Unified Series and Parametric 
series 
Multi-cylinder engines present an excellent example 
here. Cylinders with standardized diameters can 
be used in engines with more than one cylinder for 
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Design of Machine Elements 29

increasing the power rating. Even the arrangement 
of the cylinders can be varied depending on the 
requirement. That means the number of cylinders 
and their arrangement are varied with the cylinder 
size remaining same. These are called unified series. 
In another way, the number of cylinders and their 
arrangement can be retained and the cylinder size can 
be varied to obtain a range of capacities. This is called 
the parametric series.

1.33 concurrent approach In 
engIneerIng
A product is developed or an existing product is 
improved based on feedback from the field or the 
market. The information collected is used in the 
design of the product to the complete satisfaction of 
the customer or the end-user. The product life cycle 
commences with market survey and with shipment 
or despatch from the manufacturer’s premises. The 
information has to flow through all the departments 
concerned namely, marketing, design, materials, 
production, quality control, and despatch. Instead of 
connecting these departments in series, one after the 
other, for the sake of information flow, a concurrent 
approach should be adopted. Product development 
can also be followed in parallel operations. In other 
words, the departments should share the available 
information concurrently and react in advance so 
that valuable time in the product life cycle is saved. 
Simultaneous engineering is a lesser known name of 
concurrent engineering.

As a definition, concurrent engineering can be 
called the design process that brings all concerned 
with product development together even at the early 
stages for saving time in the production life cycle. The 
point is clearly illustrated in Figs 1.9 and 1.10.

Figure 1.9 shows the conventional approach in 
which the various stages come one after the other. In 
concurrent approach, the various steps or stages in 
product development can be made to overlap each other 
as shown in Fig. 1.10. A team approach is essential at 
all stages of product development, especially in mass 
production. Team members from the later stages of 
product life cycle should interact with members of 
the earlier stages like design, material selection, and 
process with valuable suggestions during decision-
making. Frequent reviews among the members across 

the concerned departments are part of the concurrent 
engineering as it is called.

Marketing
Recognition
of need
Design and
specification

Development

Prototype
manufacture

Time T

fig. 1.9 Conventional approach

Time T2
(saving)Time T1

Marketing
Recognition
of need

Development
Prototype
manufacture

Design and
specification

fig. 1.10 Phases in concurrent engineering

Concurrent engineering aims at making all 
concerned understand a problem or an issue in the right 
perspective and agree to a binding decision to preclude 
expensive modifications during the latter stages. Even 
vendors and clients are requested to participate in 
the meetings and discussions. Concurrent approach 
breaks the rigid walls of the conventional departments 
and introduces walk-through compartments with 
vestibule connections as in an express train.

In spite of all the advantages mentioned in the 
previous paragraphs, concurrent approach may 
eventually slow down the decision-making process 
due to the large number of stakeholders involved. 
Meetings may be postponed due to thin attendance or 
decisions cannot be taken fast owing to a large number 
of participants. However, concurrent engineering 
can be successful if the stakeholders have zeal for a 
better product and the higher management accords 
importance to this new approach and lends its whole-
hearted support.
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30 Design of Machine Elements—A Perspective

1.34 ergonoMIc desIgn
Ergonomics is a science that studies and offers 
solutions to problems relating to man and machine. 
Ergonomics originates in the two Greek words, ergos 
(work) and nomos (laws or rules). This science lays 
down some laws and rules which, when followed, 
facilitate a smooth running of the machine by 
minimizing the fatigue of the operator. 

Take the example of a car and the driver. The 
driver has to operate the steering wheel, activate 
brake and clutch with his feet, and manage the gear 
change lever. The driver’s seat has to be designed in 
such a way that he is able to reach out to all these 
points of control without having to bend forward 
or lean backward. He should be able to drive for a 
reasonably long time without undue fatigue due to too 
many physical movements during driving. The same 
concept applies to the much more complicated design 
of a cockpit in an aircraft to provide the maximum 
possible ergonomic comfort to the pilot. A pilot 
under fatigue jeopardizes the lives of the passengers. 
A machine operator, for example, a crane operator, 
when unduly tired, puts the machines and shop floor 
personnel in jeopardy.

Ergonomics is not just concerned with the 
physical fatigue of a machine operator. It has to 
take into account the anatomical, physiological, and 
psychological aspects of work, which can then be 
applied properly in the design of the equipment. The 
most important aspects of ergonomic design are as 
follows:
1. The operator should have a comfortable seat with

minimum flexing or strain of his body muscles. 
Fundamental knowledge of human anatomy is 
needed for this. 

2. The operating levers and handles, actuating
pedals, the instrumental panels should be laid
out in such a way that the operator is able to
operate the machine with minimum movement
of hands and feet and minimum head and eye
movement. This calls for a basic knowledge of
physiology.

3. The levers, handles, pedals should be designed
for minimum physical effort in operating them.
That is the reason why clutch and brake pedals
and the steering mechanism are provided with
power-assist to reduce the effort required in
operating them.

4. The approach to point 3 should be scientific as it
involves determination of the energy requirements 
in terms of body calories for the overall operation
of the machine. These figures should be as low as
possible.

5. A cool and comfortable ambience is also a
requisite to reduce operator strain and fatigue.
The work stations should be well ventilated
with proper lighting and climatic conditions
like cooling or heating as the case may be.
Knowledge of worker and operator psychology
is a prerequisite for a study of these conditions.

6. Proper care should be taken to prevent incidence
of claustrophobia in compact and cooped-up
places of work.

It is the duty of the ergonomist to study the features 
of the machine to be designed and then conduct an 
ergonomic analysis of the whole machine and not 
just the operating levers and instrument panels. There 
should be an integrated approach by both the designer 
and the ergonomist. They should work hand-in-hand 
to bring out a good ergonomic design. 

Questions

1. What is meant by design from the engineering
perspective?

2. Write a note on need-based design.
3. What is a product and how is it developed?
4. Explain the terms, element, part, component,

mechanism, assembly in relation to a machine,
and machine design.

5. What is meant by design synthesis? Explain how
it differs from design analysis.

6. Describe the various stages in engineering
design.

7. What is meant by a tentative design procedure?
8. Discuss the difference between initial design and

final design.
9. Explain the difference between fool-proof design

and fail-safe design.
 10. Explain the difference between preliminary

design and detail design.
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Design of Machine Elements 31

 11. Explain the terms, empirical design and rational 
design.

 12. Explain the meaning of product life cycle. How 
does it differ from production cycle?

 13. Why are standards required in design? How do 
they differ from codes and norms?

 14. Name some international standards organizations.
 15. Discuss the importance of creativity in 

engineering design.
 16. Name the major constraints within which a design 

has to work. Discuss the overall considerations 
which have to be taken in to account.

 17. What do you understand by factor of safety? Give 
examples in its relation to failure of a machine 
member. 

 18. Why is factor of safety called uncertainty factor?
 19. Experience is essential for developing proper 

design. Discuss.
 20. What is meant by a fit?
 21. Explain the term dimensional tolerances.
 22. What in meant by upper limit and lower limit of a 

dimension?
 23. What are the two systems of giving tolerances?

 24. Explain the meaning of clearance, transition, and 
interference fits. Give examples of application of 
each fit.

 25. What is prototype design? How does it differ 
from modelling?

 26. Explain Maslow’s content theory. How is it 
relevant in a design engineer’s life?

 27. Compare a designer and an artiste.
 28. Discuss the impact of ecology on engineering design.
 29. Design affects society. Discuss.
 30. What is the role of ethics in engineering design?
 31. Explain the importance of aesthetics in design 

engineering. What is meant by styling?
 32. What is the scope of ergonomics? Why is it 

important in engineering design?
 33. What are preferred numbers? 
 34. Explain the terms, basic Renard series, series 

factor, ratio factor, and derived series. Give 
simple examples.

 35. Discuss the importance of preferred numbers in 
standardization. Give examples.

 36. Discuss the difference between durability and 
reliability.

exercises

1. Convert the following into SI units:
(a) Length of 35.8 feet
(b) Area of cross section of 48.9 sq.in
(c) Volume of 3400 cft
(d) Force of 487 lbs.
(e) Moment of 237 lb.in
(f) Pressure of 398 psi
(g) Volume of 945 cub.in (LO 7)

2. Convert the following into SI units: 
(a) Stress of 500 psi
(b) Area of 1950 sq.ft.
(c) Modulus of elasticity of 32 Mpsi
(d) Velocity of 10 ft/s
(e) Deflection of 0.0012 in
(f) Acceleration of 4.3 ft/s2 
(g) Volume of 876 ft3 (LO 7)

Note: For Questions 1 and 2, take the help of Tables 
1.2 and 1.3.
3. A particular steel has an ultimate tensile strength of 
700 N/mm2. The designer wants to consider a factor 

of safety of 3.5 over the ultimate strength. Specify the 
permissible tensile stress. (LO 3)
4. The yield strength of a material is 360 MPa. The 
factor of safety is given as 3. The area resisting a tensile 
force on a machine component is 150 mm2. Find the 
magnitude of the tensile load. (LO 2, 3)
5. A round steel bar, 20 mm in diameter, is subjected 
to an axial tensile load of 50 kN. If the yield strength 
of steel is 400 MPa, find the actual factor of safety in 
the design. (LO 2, 3)
6. A square block of grey CI (FG300) has to withstand 
a compressive load of 80 kN. The compressive stress 
should not exceed 150 MPa. Find the size of the 
block. (LO 2, 7)
7. In Question 6, the square block is replaced by a 
round block with a diameter of 30 mm, find the actual 
stress in the block. Also, find the revised factor of 
safety. (LO 2, 3)
8. A round pin with a diameter of 12 mm is in single 
shear. The shear stress is not expected to go beyond 
150 N/mm2. If the transverse load is 25 kN, verify the 
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32 Design of Machine Elements—A Perspective

adequacy of the bolt size. If the answer is no, revise 
the size of the pin. (LO 2, 7)
9. Calculate Questions 4, 6, and 8 in FPS units. 
 (LO 2, 3)
10. An electric motor develops 60 kW at 1000 rpm. 
Calculate the rated torque of the motor. It is connected 
to a two-stage gear box with reduction ratios of 4.2 and 
4.7 in the first stage and the second stage, respectively. 
(a)  Tabulate the torque values on all the shafts 

assuming no power loss in the reduction. 
(b)  If the efficiency of transmission is as low as 

90% per stage due to lack of proper lubrication 
and poor maintenance, recheck the torque 
values. (LO 7)

11. A torque of 24 kN-m is required to run a machine 
at 500 rpm. Find the electric motor power required  
to run the machine. The rated speed of the motor is 
1000 rpm. (LO 7)
12. There is a speed reduction of 2.8 between two 
parallel shafts. The first shaft is driven by a 40-hp 
motor running at 1440 rpm. Calculate the torque on the 
slower shaft. Find the ratio of the diameters of the two 
shafts if they are made of the same material. Assume 
no power loss in the transmission of power. (LO 7)
13. The speed of rotation of a gear box input shaft is 
1500 rpm. The power transmitted by the gear box is 
30 kW. Power at the output shaft which rotates at 300 
rpm is 28 kW. Calculate the torque on each of the two 
shafts. (LO 7)
14. A load of 20 kN is lifted by a rope wound on a 
drum at a speed of 30 m/min. Find the power required 
in kW. If the diameter of the drum is 630 mm, find the 
torque on the drum shaft and the tangential force at 
the periphery of the drum. (LO 7)
15. A man uses an effort of 600 N to turn a wheel with 
a handle holding it at a radius of 400 mm. Calculate 
the power required of an electric motor rotating at  
750 rpm. (LO 7)
16. A 10-hp motor with a synchronous speed of 
1500 rpm turns a mechanism. Find the manual effort 
required to turn the mechanism with a handle at a 
radius of 500 mm. (LO 7)

17. The stroke length of a punch press is 60 mm 
with an average force of 2400 N. The shaft operating 
the press runs at 400 rpm. The estimated over-all 
efficiency of the press is 85%. Calculate the power 
passing through the shaft and the average torque that 
acts on the press shaft. (LO 7)
18. Write the numbers of R20 basic series from 10 to 
100. (LO 8)
19. A product range for electric motors has to be 
developed. The smallest and the largest capacities 
of the motors are 5 kW and 100 kW. The initial 
plans are to have 5 motors in the product range and 
subsequently to increase it 10. Find the motor ratings 
in both cases. (LO 11)
20. A packaging company wants to develop 
cardboard cartons for a particular product. Initially it 
plans to make cartons in seven sizes from 500 cc to 
5000 cc. In future the size range of the cartons will be 
extended to 12. Find the sizes in both cases in round 
figures. (LO 11)
21. A bush and a bearing housing are provided with 
a fit designated as 30 H6/r5. Use the tables of fits and 
tolerances; write down the maximum and the minimum 
diameters of the bush and the bearing housing. Find 
the maximum and the minimum interference between 
the bush and the bearing house. (LO 10)
22. A 50-mm diameter journal and its bearing housing 
have a fit denoted by H8/h9. Find the maximum and 
minimum clearance possible with this fit. (LO 10)
23. A shrink fit is required on 80-mm diameter shaft. 
Suggest a suitable fit for the bore and the shaft and 
write down the limits of diameters of both. (LO 10)
24. A coupling half is fixed on a gearbox input  
shaft of diameter of 100 mm with H7/p6 fit. Find  
the correct dimensions of the coupling bore and the 
shaft. (LO 10)
25. A 60-mm diameter shaft is fitted in the hub of 
a pulley with an interference fit, H7-s6. Find the 
maximum and the minimum diameters of the shaft 
and the hub. Write down the maximum and the 
minimum interference between the shaft and the hub.  
 (LO 10)
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Design of Machine Elements 33

Multiple-choice Questions

1. Factor of safety in passenger lifts is
(a) 6 (c) More than 10 
(b) 2–4 (d) 1.5

2. Design of components for manufacture is taken up
(a) after preliminary design
(b)  before preparation of general assembly

drawing
(c) after technical report and approval
(d) after prototype testing

3. Standards and codes apply to
(a) materials (c) dimensions 
(b) surface finish (d) all of these

4. One Pascal is equal to
(a) 1 N/m2 (c) 100 N/m2 

(b) 1000 N/m2 (d) 106 N/m2

5. One psi is equal to
(a) 6.895 × 102 Pa (c) 6895 × 103 Pa 
(b) 6895 Pa (d) 68950 Pa 

6. 1000 hp is approximately equal to
(a) 7500 kW (c) 750 kW 
(b) 75 kW (d) none of these

7. A 10 kW motor 1000 rpm can produce a torque
approximately equal to
(a) 95 N-m
(b) 950 N-m
(c) 9500 N-mm
(d) none of these

8. 5 motor capacities have been found to be between 10
kW and 100 kW. The second model in the product
range will have an approximate kW rating of
(a) 18 kW (c) 15 kW 
(b) 32 kW (d) 55 kW

9. H7/n6 is a
(a) clearance fit
(b) transition fit
(c) interference fit
(d) difficult to say

 10. Ergonomic design is another name for
(a) Aesthetic design
(b) Economic design
(c) Product design
(d) None of these

answers

1. (c); 2. (c); 3. (d); 4. (a); 5. (b); 6. (c); 7. (a); 8. (a); 9. (b); 10. (d)
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