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BASICS OF MACHINE DESIGN

 Machine Design :

It is defined as the use of scientific principles, 

Technical informations,

and imagination 

in the description of a machine or mechanical system,

to perform specific functions with maximum economy and efficiency.

 Design is an innovative and highly iterative process.

 A designer uses principles of basic engineering sciences such as physics, 
mathematics, statics, dynamics, thermodynamics, heat transfer, fluid 
mechanics, Vibration etc.
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COURSE OBJECTIVES

1. Understanding the process and methods of design of

machines elements.

2. Abilities of developing equations pertaining to the design of

machines.

3. Knowledge of different materials and their properties for

designing the components of machine elements and the

ability to design new machines or modify existing machine

according to the need.
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COURSE OUTCOMES

After taking this course students should be able to,

1. Design and analyse different types of clutches, brakes and welded

connections.

2. Select and design appropriate bearing as per the requirement.

3. Identify different types of springs and design the same as per the

requirement.

4. Design and analyze geared transmission system.
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SYLLABUS

Unit-I

Welded Joints: Types of Welded connections, Design of Simple and eccentrically loaded welded

connections. Clutches & Brakes: Plate, Cone and Centrifugal Clutches, Classification and Design

of Brakes.

Unit-II

Bearings & Lubrication: Laws of friction, Lubrication, Hydrodynamic and Hydrostatic bearings, Ball

and Roller bearings, Method of load estimation and Selection of bearings.

Unit-III

Springs: Design of helical springs, design of torsion and leaf springs, elementary idea of rubber

springs.

Unit-IV

Power Transmission with Toothed Gears: Selection of Gears and Gear Materials, Tooth Forces,

Design of different types of Gears.

13-08-2020M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh

5



BOOKS

1. Joseph E. Shigley; Mechanical Engineering Design, McGraw Hill.  

2. V. B. Bhandari; Design of Machine Elements, Tata McGraw-Hill Education

3. M.F. Spott; Design of Machine Element, Prentice Hall. 

4.  Design Data Handbook for Mechanical Engineers, K. Mahadevan and K. 
Balaveera Reddy, CBS Pub.

5. Standard Handbook of Machine Design, Joseph E Shigley, and Charles 
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BEARINGS

 Bearings are machine elements which are used to support a rotating

member viz., a shaft.

 They transmit the load from a rotating member to a stationary member

known as frame or housing.

 They allow relative motion between two members in one or two directions

with minimum friction, and also prevent the motion in the direction of the

applied load.

 Bearings support a shaft or an axle and holds them in correct positions.
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Classification of Bearings

❑ According to direction of force;

1. Radial Bearing : Supports the load which is perpendicular to axis of the shaft,

2. Thrust Bearing : Supports the load which acts along the axis of the shaft.
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Classification of Bearings

❑ According to type of friction or contact :

1. Sliding Contact (Journal)

2. Rolling Contact (Antifriction)
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Applications of Bearings

❑ Sliding contact 

 Crankshaft bearings in petrol and diesel engines,

 Centrifugal pumps

 Large size electric motors

 Steam and gas Turbines,concrete mixture, Rope conveyor and marine 

installations

❑Rolling contact

 Automobile front and rear axles, machine tool spindles, Gear boxes.
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Lubrication
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 The objective of lubrication is to reduce friction wear and heating of 
machine parts that move relative to each other. 

 A Lubricant is a substance that when inserted between the moving 
surfaces, accomplishes theses purposes.

 Lubricants are usually liquid but can be a solid, such as graphite, or 
molybdenum disulfide, or a gas, such as pressurized air.



Types of  lubrication
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1. Thick film lubrication or Hdrodynamic lubrication or : the surfaces are separated by thick film of

lubricant and there is no metal-to-metal contact. The film thickness is anywhere from 8 to 20 μm.

Hydrodynamic lubrication.

2. Thin film lubrication – Here even though the surfaces are separated by thin film of lubricant, at

some high spots Metal-to-metal contact does exist, it also known as mixed film lubrication. Surface

wear is mild. The coefficient of friction commonly ranges from 0.004 to 0.10.

3. Boundary lubrication – Here the surface contact is continuous and lubricant is continuously

smeared over the surfaces and provides a continuously renewed adsorbed surface film which

reduces the friction and wear. The typical coefficient of friction is 0.05 to 0.20.



Types of  lubrication
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4. Hydrostatic lubrication : 

 In these bearings, externally pressurized lubricant is fed into the bearings to separate the 
surfaces with thick film of lubricant. 

 These types of bearings do not require the motion of the surfaces to generate the lubricant 
film. Hence they can operate from very low speed to high speed. 



Types of  lubrication
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5. Elastohydrodynamic lubrication: 

 Rolling contact bearings come under this category. The oil film thickness is very small. 

 The contact pressures are going to be very high. Hence to prevent the metal-to-metal 

contact, surface finishes are to be of high quality. 

 Such a type of lubrication can be seen in

 Gears, 

 Rolling contact bearings, 

 Cams etc. 



Types of  lubrication
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6. Solid film lubrication:

For extreme temperature operations ordinary mineral oils are not
satisfactory. Few examples of Sold lubricants are:

 Graphite,

 Molybdenum disulphide

 and their combination,

Applications :

 Furnace applications

 Hot drawing mills

 Trunion bearings of liquid metal handling systems



Hydrodynamic lubrication
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 Also called full-film, or fluid lubrication has following characteristics:

 The load-carrying surfaces of the bearing are separated by a thick film of

lubricant.

 Requires an adequate supply of lubricant at all times.

 Does not require introduction of the lubricant under pressure.



Hydrodynamic lubrication
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 Initially the loaded journal bearing is at rest. 

 The bearing clearance space is filled with oil.

 The load (W) has squeezed out the oil film at the bottom. 



Hydrodynamic lubrication
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 The shaft starts Slow clockwise rotation.

 This will cause it to roll to the right position as it tries to “climb the wall” of the bearing surface. .

 Continuous slow rotation would cause the shaft to stay in this position.

The result is the boundary 

lubrication.



Hydrodynamic lubrication
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 As the shaft rotating speed is increased, more and more oil goes into the contact zone.

 Finally a speed is reached at which the pressure built up in the contact zone is high enough to “float” 

the shaft.

 Under suitable conditions full separation of the journal and bearing surfaces occurs. 
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VISCOCITY

It is defined as the internal frictional resistance offered by a fluid to change its shape or relative 

motion of its parts

 In Fig. let a plate A be moving with a velocity U on a film of lubricant of thickness h.The film as 

composed of a series of horizontal layers and the force F causing

 these layers to deform or slide on one another just like a deck of cards. The layers in contact

 with the moving plate are assumed to have a velocity U;

 Newton’s viscous effect states that the shear stress in the fluid is proportional to the rate of change of 

velocity with respect to y
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Newtons Viscous Effect
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 Newton’s viscous effect states that the shear stress in the fluid is proportional to the rate of change of 

velocity with respect to y. 

• where µ is the constant of proportionality and defines absolute viscosity, also called dynamic 

viscosity. 

• The derivative du/dy is the rate of change of velocity with distance and may be called the rate of 

shear, or the velocity gradient. 

• The viscosity µ is thus a measure of the internal frictional resistance of the fluid. For most 

lubricating fluids, the rate of shear is constant, and du/dy = U/h. Thus, from previous equation



…
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 Unit of dynamic viscosity  poise (P) in CGS, 

 Unit of kinematic viscosity called the stoke (St). per square centimeter (dyn · s/cm2).

 It has been customary to use the centipoise (cP) in analysis, because its value is more 

convenient. 

 When the viscosity is expressed in centipoises, it is designated by Z. 

 The conversion from cgs units to SI and ips units is as follows:



SAYBOLT VISCOMETER
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 The ASTM standard method for determining viscosity uses an instrument called the 

Saybolt Universal Viscosimeter. 

 The method consists of measuring the 

time in seconds for 60 mL of lubricant at

a specified temperature to run through a 

tube 17.6 mm in diameter and 12.25 mm 

long. 



…
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 The result is called the kinematic viscosity, and in the past the unit of the square 

centimeter per second has been used. One square centimeter per second is defined as a 

stoke.

 By the use of the Hagen-Poiseuille law, the kinematic viscosity based upon seconds 

Saybolt, also called Saybolt Universal viscosity (SUV) in seconds, is



…
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Temperature and Pressure Effects on Viscosity
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 Multigrade oils, as SAE 10W-40, have less variation of viscosity with temperature than

straight-run petroleum oils that have a single-grade designation (as SAE 40 or SAE

10W).



Temperature and Pressure Effects on Viscosity
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 The measure of variation in viscosity with temperature is the viscosity index (abbreviated

VI). oils, for example, have relatively little variation of viscosity with temperature.



Temperature and Pressure Effects on Viscosity
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 The viscosity index of petroleum oils can be increased, as in the production of 

multigrade oils, by the use of viscosity index improvers (additives).

 All lubricating oils experience an increase in viscosity with pressure. 



Temperature vs Viscocity
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.



..
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Problem -1
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 An engine oil has a kinematic viscosity at 100°C corresponding to 58 seconds, as 

determined from a Saybolt viscometer (Figure ). 

 What is its corresponding absolute 

viscosity in millipascal-seconds 

(or centipoises) and in microreyns? 

 To what SAE number does it 

correspond?



Solution
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 1. calculating the mass density of the engine oil.

 2. calculating absolute viscosities in units of centipoises or microreyns.

 3. viscosity–temperature curves for SAE numbered



….
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From Figure 13.6, the viscosity at 100°C is close to that of an SAE 40 oil.
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Petroff’s Equation
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 Consider a vertical shaft rotating in a guide bearing.

 It is assumed that the bearing carries a very small load, that the clearance space is 

completely filled with oil, and that leakage is negligible (Fig.) Denote the radius of the 

shaft by r,



…
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 The radial clearance by c, and the length of the bearing by l, all dimensions being in 

inches. 

 If the shaft rotates at N rev/s, then its surface velocity is U = 2πr N in/s.

 Since the shearing stress in the lubricant is equal to the velocity gradient times the 

viscosity, from Eq. we have

 F = friction torque/shaft radius = Tf /R

 A = 2𝜋RL

 U = 2πRN (where N is in revolutions per second)



…
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 where the radial clearance c has been substituted for the distance h. The force required to 

shear the film is the stress times the area. 

 The torque is the force times the lever arm r. Thus



…
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 If we now designate a small force on the bearing by W, in pounds-force, then 

the pressure P, in pounds-force per square inch of projected area, is P = W/2rl . 

 The frictional force is f W, where f is the coefficient of friction, and so the 

frictional torque is



….
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 Above Equation is called Petroff ’s equation and was first published in 1883.

 The two quantities μN/P and r/c are very important parameters in lubrication. 

Substitution of the appropriate dimensions in each parameter will show that they are 

dimensionless.

 The bearing characteristic number, or the Sommerfeld number, is defined by the 

equation



…
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 The Sommerfeld number is very important in lubrication analysis because it contains 

many of the parameters that are specified by the designer. 

 Note that it is also dimensionless.

 The quantity r/c is called the radial clearance ratio. If we multiply both sides



Problem -2
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 A 100-mm-diameter shaft is supported by a bearing of 80-mm length with a diametral

clearance of 0.10 mm (Figure ). It is lubricated by oil having a viscosity (at the operating

temperature) of 50 mPa- s. The shaft rotates 600 rpm and carries a radial load of 5000 N.

Estimate the bearing coefficient of friction and power loss using the Petroff approach.



.
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Stable Lubrication
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Stable Region (Right of line BA)
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❑ Operating to the right of line B A and something happens, say, an increase in lubricant 

temperature. 

 This results in a lower viscosity and hence a smaller value of μN/P. 



Stable Region (Right of line BA)
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 The coefficient of friction decreases, not as much heat is generated in shearing the

lubricant, and consequently the lubricant temperature drops.

 Thus the region to the right of line B A defines stable lubrication because variations

are self-correcting.



Unstable Region (Left of line BA)

10/8/2022M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh

13

❑ To the left of line B A, 

• A decrease in viscosity would increase the friction. A temperature rise would ensue, 

and the viscosity would be reduced still more. The result would be compounded. 



Unstable Region (Left of line BA)
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 Thus the region to the left of line  B A represents unstable lubrication.

 It is also helpful to see that a small viscosity, and hence a small μN/P, means that the 

lubricant film is very thin and that there will be a greater possibility of some  metal-

to-metal contact, and hence of more friction. 



On the line BA
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 Thus, point C represents what is probably the beginning of metal-to-metal contact as 

μN/P becomes smaller.
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Hydrodynamic lubrication
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METHODS OF LUBRICANT SUPPLY 
8

Lubricant present at the bearing surface gets depleted due to side leakage and 

to main the hydrodynamic lubrication continuous supply of lubricant must be 

ensured. 

The principal methods of supply of lubricant are: 

1. Oil Ring lubrication 

2. Oil collar lubrication 

3. Splash lubrication 

4. Oil bath lubrication 

5. Oil pump lubrication 



..



Oil Ring Lubrication

10

 The ring is of 1.5 to 2 times the diameter of the shaft.

 It hangs loosely on journal and rotates with the journal.

 As the ring rotates it lifts oil to the top.

 The bearing sleeve is slotted to accommodate the ring and bear against the journal.



Oil Collar Lubrication 
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 A rigid collar integral with the journal dips into the reservoir at the bottom. 

 A small sump is provided on either side of the collar. 

 During rotation the collar carries oil to the top and throws off into the sumps.

 From the sump oil flows by gravity through the oil hole and groove to the 

bearing surfaces. 



Splash Lubrication 

12

 Oil is channelled to small sumps maintained above the bearings.  

 The oil in sumps is splashed by moving parts or small oil scoops. 

 The splashed oil is thrown onto the bearings for lubrication. 

 Few examples are:

▪ automobile engine 

▪ wrist pin lubrication 

▪ gearboxes lubrication

▪ wherein gears splash 

▪ the oil into bearings. 



Oil Pump Lubrication 

13

 This is a positive means of supplying oil.

 Pumped oil fills the circumferential grooves

in the main bearings.

 The holes in crankshaft carry oil to the

connecting rod bearings.

 Circumferential groove

transmits the oil through

riffle drilled holes to the

wrist pin bearings.

 Pressure fed lubrication system of  a piston engine or 

 Compressor .



End of Lecture
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Any Questions

INTERACTION IS HIGHLY ENCOURAGED
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ROLLING-ELEMENT BEARINGS 
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 Rolling-element bearings are either ball bearings or roller bearings. 

 These are capable of running at higher speeds, and can carry greater loads.  

 The shaft and outer members of the bearing are separated 

    by balls or rollers. 

 Thus, rolling friction is substituted for sliding friction. 

 Rolling-element bearings are also known as  

   “antifriction bearings”. because these bearings provide 

    lower friction than fluid-film bearings.  

 With normal operating loads,  

 rolling-element bearings (without seals)  

 typically provide coefficients of friction  

 between 0.001 and 0.002. 

 

 



… 

9/21/2020 M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 

 Since the bearing contact surface areas are small, and therefore the contact stresses are high. 

 

 The loaded parts of rolling-element bearings therefore have to be made of hard and high-

strength materials, as compared to the outer member.  

 These parts include inner and outer rings and  the balls or rollers.  

 An additional component of the bearing is usually a retainer or separator. 

 The retainer keeps the balls or rollers evenly spaced and separated. 

 



… 
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Advantages: 
 

 Ideally suited for applications with high starting loads.  

       For example,  

   the use of roller bearings to support rail car axles,  

   eliminates the need for an extra locomotive, 

   to get a long train started from rest. 

 

 Another advantage is that they can be “preloaded”.   

   Mating bearing elements are pressed together  

   rather than operating with a small clearance.  

       This is important when precise positioning of the  

   rotating member is required. 

 



CLASSIFICATION 

Rolling-element Bearings 
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 Rolling-element bearings can be classed according to the type of loading into the 

following three categories: 

1. Radial bearings. 

2. Thrust or axial bearings. 

3.  Angular-contact bearings. 

 

 Roller bearings can also be classified by the roller configuration into the four types : 

  1. Cylindrical roller bearings,  

  2. Spherical roller bearings,  

  3. Tapered roller bearings,  

  4.  Needle bearings.  

 

 

 

 

 



TYPES OF ROLLING-ELEMENT BEARINGS 
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1. Radial bearings  

 for carrying loads that are primarily radial. 

  

 



… 
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2. Thrust bearings 

 also called axial bearings  

 for carrying loads that are primarily axial.  

 



… 
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3. Angular-contact  Bearings 

 for carrying combined axial and radial loads.  



DEEP GROOVE BALL BEARINGS 
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 Deep-groove ball bearings are intended primarily for radial loads. 

 This is the most frequently used bearing found in a variety of machines. 

 The radius of the ball is slightly less than the radii of curvature of the grooves in the races. 

 Kinematically, this gives a point contact between the balls and the races 

 



…. 
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 These ball bearings are made in various proportions for various degrees of loading. 
 

 It is obvious from their construction that these bearings will also carry a certain amount of thrust. 



… 
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Advantages of Deep Groove Ball Bearings 

 

1. Due to relatively large size of the balls, their load carrying capacity is high. 

2. Deep groove ball bearings are available with bore diameters from a few millimeters to 400 

millimeters 

3. Deep groove ball bearing generates less noise due to point contact. 

4. Due to point contact between the balls and races, frictional loss and the resultant temperature 

rise is less. 

5. The maximum permissible speed of the shaft depends upon the temperature rise, these 

 bearings gives excellent performance, especially at high speeds. 



…. 
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Disadvantages of Deep Groove Ball Bearings 

 

The disadvantages of deep groove ball bearings are as follows: 

1. Deep groove ball bearing is not self aligning. 

2. Accurate alignment between axes of the shaft and the housing bore is re. 

3. Have poor rigidity as compared with roller bearing.  

 This is due to the point contact compared with the line contact of roller bearing.  

 Makes them unsuitable for machine tool spindles where rigidity is important consideration. 

 

 



CYLINDRICAL ROLLER BEARINGS 
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 When the bearing has to carry high loads, the point contact is replaced by a line contact.  

 This is done by using rollers in place of balls 

 The bearing is then called a roller bearing.  
 

 Cylindrical roller bearing consists of relatively short rollers with a separator or retainer to hold the 

rollers in place. 



…. 

9/21/2020 M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 

Advantages of Cylindrical Roller Bearings 

Cylindrical roller bearing offers the following advantages : 

 Due to line contact between rollers and races, the load carrying capacity is very high  

 Cylindrical roller bearing is more rigid than ball bearing. 

 Frictional loss at high-speeds is lesser, due to lower coefficient of friction. 

 

The disadvantages are as follows: 

 (a) Cannot take thrust load. 

 (b) They are not self-aligning, means the bearing cannot tolerate misalignment.  

    (c) Generate more noise 



SPHERICAL ROLLER BEARINGS 
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 The spherical-roller is useful where heavy loads and misalignment occur.  

 The spherical elements have the advantage of increasing their contact area as the load is 

increased. There are of three types :  

 The single-row type has little thrust capacity. 

 The double-row type can carry thrust up to about 30% of its radial-load capacity.  

 The angular-contact type 

     can carry large thrust loads  

     in one direction 



TAPERED ROLLER BEARINGS 
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 The rollers are now in the form of conical elements. 

 All roller surfaces and the raceways intersect at a common point on the bearing centreline or 

rotation axis. 
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 These bearings combine the advantages of ball and straight roller bearings:  

     they can take either radial or thrust loads or any  

     combination of the two,  

 They have the high load-carrying capacity of straight rollers. 

 Pairs of single-row tapered roller bearings are often used for wheel bearings.  

 The double-row and four-row types replace single-row types for heavier loads.  



NEEDLE BEARINGS 
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 Needle bearings can be regarded as a special case of cylindrical roller bearings. 

 Here the rollers have a length-to-diameter ratio of four or greater, and are called needles. 

 Because of their geometry, these bearings have for a given radial space the highest load 

capacity of all rolling-element bearings. 

 

 

 
 

 
 

 

 

 Drawn Cup type:  bearings assembled without a retainer and with a full complement of rollers.  

 



ANGULAR CONTACT BEARING 
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 In angular contact bearing, the grooves in inner and outer races are so shaped  

 that the line of reaction at the contact between balls and races makes an  angle 

 with the axis of the bearing.  

 These bearings, have substantial thrust capacity in one direction only.  

 They are commonly installed in pairs, with each taking thrust in one direction.  

 Angular contact bearings are often used in pairs, either side by side or at the opposite 

ends of the shaft,  

 in order to take the thrust load in both directions.  

 These bearings are assembled with a specific magnitude of preload. 
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Advantages: 

  

 Can take both radial and thrust loads. 

 The load carrying capacity is more than that of deep groove ball bearing. 

 

Disadvantages 

 

  Two bearings are required to take thrust load in both directions. 

  The angular contact bearing must be mounted without axial play. 

  The angular contact bearing requires initial pre-loading 
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 The self-aligning ball bearing consists of two rows of balls, which roll on a common 

spherical surface in the outer race. 

  In this case, the assembly of the shaft, the inner race and the balls with cage can 

freely roll and adjust itself to the angular misalignment of the shaft. 
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 There is similar arrangement in the spherical roller bearing, where balls are 

replaced by two rows of spherical rollers, which run on a common spherical 

surface in the outer race.  

 Compared with the self aligning ball bearing the spherical roller bearing can 

carry relatively high radial and thrust loads. 

 Both types of self-aligning bearing permit minor angular misalignment of the 

shaft relative to the housing.  

 They are therefore particularly suitable for applications where misalignment 

can arise due to errors in mounting or due to deflection of the shaft. 

 They are used in agricultural machinery, ventilators, and railway axle-boxes. 
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Two types of self-aligning bearings,  

  self-aligning ball bearing and spherical roller bearing, 

  In many applications, the bearing is required to tolerate a small amount of 

misalignment between the axes of the shaft and the bearing. 

 The misalignment may be due to deflection of the shaft under load or due to 

tolerances of individual components. 

  Self aligning bearings are used in these applications. 

 The angular misalignment a is exaggerated in the figure. Self aligning bearings are 

commonly employed when accurate alignment is impossible or unfeasible. 
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 The principle of self-aligning bearing is illustrated. 

 The Centre of this spherical surface is at the Centre of the bearing. Therefore, the 

bush is free to roll in its seat and align itself with the journal. 

 Arrangement is made to provide lubricant between the spherical surfaces of the 

bush and its seat in order to reduce the friction. 

  This principle is used in self-aligning ball bearings and spherical roller bearings. 
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 Static load  

 defied as the load acting on the bearing when the shaft is stationary.  
 

 Static load produces permanent deformation in balls and races,  

 which increases with increasing load.  
 

 The permissible static load, therefore, depends upon the permissible magnitude of 
 permanent deformation.  

 

 The static load carrying capacity  

 defined as the load that corresponds to a total permanent deformation of 
 balls and races at the most heavily stressed point of contact, equal to 0.0001 of 

 the ball diameter. 



STRIBECK’S EQUATION 
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 Stribeck’s equation gives the static load capacity of bearing. 

 
 

 It is based on the following assumptions: 

  The races are rigid and retain their circular shape. 

  The balls are equally spaced. 

  The balls in the upper half do not support any load. 

  There is a single row of balls.  
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 Assuming that only balls are deformed and considering the 

equilibrium of forces in the vertical direction, 

 

 

 Suppose      is the deformation at the most heavily 

stressed Ball No.1. 
 

 Due to this deformation, the inner race is deflected with 

respect to the outer race through 
 

 The inner ring moves from O to O’  through the distance        

without changing its shape 
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 Suppose                 are radial deflections at the respective balls. 
 

 Also 
 

 According to Hertz’s equation,  

 the bearing load and deflection at each ball are given by 

 

  Therefore,         , ,       and                            …….. (c)  

 

 From Equations (b) and (c), 

 
 

   Or,  
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 In a similar way, 
 

 

 Substituting these values in Eq. (a), 

 

 

 

 
 

 

  where 
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 Where 

 
 

 If z is the number of balls, 

 

 

 The values of M for different values of z are tabulated as follows: 

 

 



… 

8/21/2020 M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 

8 

 Tabulate values of M 

 

 

 

 

 It is seen from the above table that (z/M) is practically constant. Stribeck suggested the 

value for (z/M) as 5. 

 

 Or,  

 

 Substituting this value in Eq. (d), we get   
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 From experimental evidence, it is found that the force P1 required to produce a given 

permanent deformation of the ball is given by, 

 

 

 where d is the ball diameter and the factor k depends upon the radii of curvature at  the 

point of contact, and on the moduli of elasticity of materials.  
 

 From Equations (f) and (g), 

Stribeck’s  equation. 



LIFE OF BALL BEARING 
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 The ball bearing life is limited by the fatigue failure at the surfaces of balls and 

races.  

 The dynamic load carrying capacity of the bearing is, therefore, based on the 

fatigue life of the bearing.  

 

Bearing Life: 

The life of an individual ball bearing is defined as the number of 

revolutions (or hours of service at some given constant speed), which 

the bearing runs before the first evidence of fatigue crack in balls or 

races.  



Life of Ball Bearing 
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 The life of a single bearing is difficult to predict, 

 

 It is therefore necessary to define the bearing life in terms of the statistical average 

performance for a group of bearings.  

 

 Bearings are rated on one of the two criteria— 

 The average life of a group of bearings  

  The life which 90% of the bearings will reach or exceed. 

 The second criteria is widely used in bearing industry 



Life of Ball bearing 
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Rating life : 

The rating life of a group of apparently identical ball bearings is 

defined as the number of revolutions that 90% of the bearings will 

complete or exceed before the first evidence of fatigue crack. 

 

 There are a number of terms used for the rating life: 

    minimum life,  

    catalogue life,  

    L10 life or B10 life.  

 The terms are synonyms for rating life, the term L10 life is commonly used. 

 

 The life of an individual ball bearing may be different from rating life.  



DYNAMIC LOAD CARRYING CAPACITY 
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Dynamic load carrying capacity of a bearing  

 It is defined as the radial load in radial bearings (or thrust load in 

thrust bearings) that can be carried for a minimum life of one million 

revolutions.  

 The minimum life in this definition is the L10 life, which 90% of the bearings will reach or 

exceed before fatigue failure.  

 The dynamic load carrying capacity is based on the assumption that the inner race is 

rotating while the outer race is stationary.  

 The formulae for calculating the dynamic load capacity for different types of bearings 

are given in standards.  

 However, the manufacturer’s catalogues give ready-made values of dynamic load 

capacities of bearings. 



EQUIVALENT BEARING LOAD 
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 In actual applications, the force acting on the bearing has two components 

  —radial and thrust.  
 

Equivalent dynamic load  

 The equivalent dynamic load is defined as the constant radial load in 
radial bearings (or thrust load in thrust bearings), which if applied to 
the bearing would give same life as that which the bearing will attain 
under actual condition of forces. 

 

 The expression for the equivalent dynamic load is written as, 

 where, P  =  equivalent dynamic load (N) 

 Fr  = radial load (N)  

 Fa = axial or thrust load (N) 

 V = race-rotation factor 

 X and Y are radial and thrust factors respectively and their values are 
 given in the manufacturer’s catalogues. 

 
 



Equivalent Bearing Load 
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 V = race-rotation factor 

  It depends upon whether the inner race is rotating or the outer race.  

 The value of V is 1 when the inner race rotates while the outer race is held stationary in 
the housing.  

 The value of V is 1.2 when the outer race rotates with respect to the load, while the 
inner race remains stationary. 
 

 In most of the applications, the inner race rotates and the outer race is fixed in the housing.  

 Assuming V as unity, the general equation for equivalent dynamic load is given by, 

 
 

 When the bearing is subjected to pure radial load Fr,   
 

 When the bearing is subjected to pure thrust load Fa ,   
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 Bearing Failure: Spalling or pitting of an area of 0.01 in2  

 

 Life: Number of revolutions (or hours @ given speed) required for failure.  

 ◦For one bearing  

 

 Rating Life: Life required for 10% of sample to fail.  

 ◦For a group of bearings  

 ◦Also called Minimum Life or L10 Life  

 

 Median Life: Average life required for 50% of sample to fail.  

 ◦For many groups of bearings  

 ◦Also called Average Life or Average Median Life  

 ◦Median Life is typically 4 or 5 times the L10 Life  

 

 



LOAD-LIFE RELATIONSHIP 
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 The relationship between the dynamic load carrying capacity, the equivalent dynamic 

load, and the bearing life is given by, 

 

 

L10 = rated bearing life (in million revolutions) 

C = dynamic load capacity (N), and 

p = 3 (for ball bearings) 

p = 10/3 (for roller bearings) 
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 The relationship between life in million revolutions and life in working hours is given by 

 

 

 Where, 

L10h = rated bearing life (hours) 

n = speed of rotation (rpm) 
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End of Lecture 
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In a particular application, the radial load acting on a ball bearing is 5 kN and the 

expected life for 90% of the bearings is 8000 h. Calculate the dynamic load carrying 

capacity of the bearing, when the shaft rotates at 1450 rpm. 

Solution: 

 Given Data:  
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A taper roller bearing has a dynamic load capacity of 26 kN. The desired life for 90% 

of the bearings is 8000 h and the speed is 300 rpm. Calculate the equivalent radial load 

that the bearing can carry. 

Solution: 

    Given;      C = 26 kN, L10h = 8000 h, n = 300 rpm 
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 While selecting the proper size of a bearing, it is necessary to specify the expected life of the 

bearing for the given application.  

 The information regarding the life expectancy is generally vague and values based on past 

experience are used. 

  For all kinds of vehicles, the speed of rotation is not constant and the desired life is expressed in 

terms of millions of revolutions. The recommended bearing life for wheel applications is given in 

Table below. 
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 In the other applications, the speed of rotation is relatively constant and the desired life is 

expressed in terms of hours of service. 



LOAD FACTOR 
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 The forces acting on the bearing are 

calculated by considering the equilibrium of 

forces in vertical and horizontal planes.  

 These elementary equations do not take into 

consideration the effect of dynamic load.  

 The forces determined by these equations 

are multiplied by a load factor to determine 

the dynamic load carrying capacity of the 

bearing. 

 Load factors are used in applications 

involving gear, chain and belt drives.  



 

 

 

 
SELECTION OF BEARING 
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Selection of a bearing from the manufacturer’s catalogue 

The basic procedure for the selection consists of the following steps: 

(i)  Calculate the radial and axial forces acting on the bearing and determine the 

diameter of the shaft where the bearing is to be fitted. 

(ii)  Select the type of bearing for the given application. 

(iii) Determine the values of X and Y, the radial and thrust factors, from the 

catalogue. The values of X and Y factors for single-row deep groove ball 

bearings are given in Table.  

 The values depend upon two ratios  

 where C0 is the static load capacity.  
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(iv)  Calculate the equivalent dynamic load from the equation. 

 
 

(v)  Make a decision about the expected bearing life and express the life L10  in 
 million revolutions. 

(vi) Calculate the dynamic load capacity from the equation. 

 

 

(vii) Check whether the selected bearing of series 60 has the required dynamic 

 capacity. If not, select the bearing of the next series and go back to Step (iii) 
 and continue. 
 

Ball bearings are thus selected by the trial and error procedure. The above procedure 
is also applicable to other types of bearings. 
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Select a single-row deep groove ball bearing, for a shaft that is 75 mm in diameter and 

which rotates at 125 rpm. The bearing is subjected to a radial load of 21 kN and there is 

no thrust load. The expected life of the bearing is 10 000 hours. 

Solution 

 Given,    

  Fr = 21 000 N,  Fa = 0 d = 75 mm 

  Type: single-row deep groove ball bearing 

  Step (iii) Since there is no axial load, 

   P = Fr = 21 000 N 
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Step (vi) It is observed from Table 15.5, that following bearings are available with 75mmbore diameter, 
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 A rolling contact bearing is usually designated by three or four digits. The meaning of 

these digits is as follows: 

(i)  The last two digits indicate the bore diameter of the bearing in mm (bore 

diameter divided by 5). For example, XX07 indicates a bearing of 35 mm bore 

diameter. 

(ii) The third digit from the right indicates the series of the bearing. The numbers 

used to indicate the series are as follows: 

Extra light series –1  Light series – 2 

Medium series – 3  Heavy series – 4 

For example, X307 indicates a medium series bearing with a bore diameter of 35 mm. 

(iii) The fourth digit and sometimes fifth digit from the right specifies the type of rolling 

contact bearing. For example, the digit 6 indicates deep groove ball bearings 
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A single-row deep groove ball bearing is subjected to a radial force of 8 kN and a 
thrust force of 3 kN. The shaft rotates at 1200 rpm. The expected life L10h of the 
bearing is 20 000 h. The minimum acceptable diameter of the shaft is 75 mm. 
Select a suitable ball bearing for this application 

Solution 

 Given   Fr = 8 kN,  Fa = 3 kN,  L10h = 20 000 hr 

   n = 1200 rpm   d = 75 mm 

 Step I   X and Y factors 

  When the bearing is subjected to radial as well as axial load, the values 
  of X and Y factors are obtained from Table 15.4 by trial and error  
  procedure. It is observed from Table 15.4, that values of X are constant 
  and the values of Y vary only in case when 

 



.. 
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 In this case, the value of Y varies from 1.0 to 2.0. 

 Assume the average value 1.5 as the first trial value for the factor Y. Therefore, 

X = 0.56 Y = 1.5 Fr = 8000 N Fa = 3000 N 

P = XFr + YFa = 0.56(8000) + 1.5(3000) = 8980 N 

 

 

 C = P (L10)1/3 = (8980)(1440)1/3 = 101 406.04 N 
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 From Table 15.5, it is observed that for the shaft of 75 mm diameter, Bearing No. 6315 

(C = 112 000) is suitable for the above data. For this bearing, Co = 72 000 N 

 

 
 

 

 

 

 e = 0.24 ( approximately 
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A transmission shaft rotating at 720 rpm and transmitting power from the pulley P to the 

spur gear G is shown in Fig.  The belt tensions and the gear tooth forces are as follows: 

 P1 = 498 N P2 = 166 N Pt = 497 N Pr = 181 N 

The weight of the pulley is 100 N. The diameter of the shaft at bearings B1 and B2 is 10 

mm and 20 mm respectively. The load factor is 2.5 and the expected life for 90% of the 

bearings is 8000 h. Select single row deep groove ball bearings at B1 and B2. 
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Given : 
 n = 720 rpm,   

 d1 = 10 mm,   

 d2 = 20 mm 

 L10h = 8000 h  

 load factor = 2.5 
 

Step I Radial and axial forces 

 Considering forces acting on the shaft   

 in the vertical plane 
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 Considering forces in the horizontal plane and 

taking moments of forces about the bearing B1, 
 

 

 

 

 

 

 

 
 

 

 The reactions at the two bearings are given by, 

 

 

 

 

 

 

 The bearing reactions are in the radial direction. 

 

 
 

 There is no axial thrust on these bearings; 

hence, 
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Step II  Dynamic load capacities 

 Considering forces acting   Considering the load factor  

  on the shaft   
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Step III Selection of bearings 

 

From the Table, the following bearings are 

available for 10 mm and 20 mm shaft 

diameter; 

 

Bearing Nos. 6000  

          and 6404 

 are suitable at B1  and B2 respectively. 
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A shaft transmits 50 kW at 125 rpm from the gear G1 to the gear G2 and mounted on 

Rolling Contact Bearings 579 two single-row deep groove ball bearings B1 and B2. The gear tooth 

forces are 

Pt1 = 15915 N Pr1 = 5793 N 

Pt2 = 9549 N Pr2 = 3476 N 

The diameter of the shaft at bearings B1 and B2 is 75 mm. The load factor is 1.4 and the 

expected life for 90% of the bearings is 10000 h. Select suitable ball bearings. 
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Given  

 kW = 50  

 n = 125 rpm  

 d = 75 mm 

     L10h = 10 000 h  

load factor = 1.4 

Considering forces in the vertical plane and taking 

moments about bearing B1, 
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Considering equilibrium of forces in the vertical plane 

 

 

 

 
 

A similar procedure is repeated for calculating forces in the horizontal plane and the 

reactions  
 

 

The radial forces at the two bearings are given by 

 

 

 

Since there is no axial thrust, 
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Step II  Dynamic load capacities 

 Considering forces acting on the shaft   

  in the vertical plane 

  

 

Considering the load factor and 
using the dynamic load capacities 
are given by,  



… 
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Step III Selection of bearings 

 From the Table,  

 the available bearings at B1 and B2 are 
as follows:  

 

 

 

 

 

 

 

 Therefore, Bearing No. 6315 is suitable at B1 
as well as B2. 



… 
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Step IV Bearing life (L50) 

 It can be proved that the life (L50), which 50% of the bearings will complete or 

 exceed, is approximately five times the life L10 which 90% of the bearings will 

 complete or exceed. 

 

 Therefore,. 



. 

8/21/2020 M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 

29 

End of Lecture 
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 Straight roller bearings can carry large radial loads,     

but, cant carry axial loads.  

 Ball bearings can carry moderate radial loads, and 

small axial loads.  

 For combined radial and axial thrust loads, tapered 

roller bearings provide a good solution. 

 A tapered roller bearing can carry  

  Radial loads 

  Thrust (axial) loads,  

  or any combination of the above two loads 
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Tapered roller bearing has a separable construction.  

The assembled bearing consists of two separable parts: 

1. The outer ring called the Cup 

 It is separable from the remainder assembly of  the 

 bearing elements comprising the cone. 

2. The the inner ring is called ‘cone assembly consists of 

 the cone, 

 the rollers,  

 and the cage 

Distance a locates the effective axial location for force 

analysis. 
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 Rollers are tapered so virtual apex is on shaft 

centerline. 

 Taper allows for pure rolling of angled rollers. 

 The rolling elements are in the form of a frustum of 

cone.  

 They are arranged in such a way that the axes of 

individual rolling elements intersect at a common apex 

point on the axis of the bearing. 

 In kinematic analysis, this is the essential requirement 

for pure rolling motion between conical surfaces. 



 

Tapered Roller Bearings  
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 In tapered roller bearings, the line of resultant 

reaction through the rolling elements makes an 

angle with the axis of the bearing. 

 Therefore, these bearings can carry both radial and 

axial loads.  

 In fact, the presence of either component results in 

the other, acting on the bearing. 

  In other words, a taper roller bearing subjected to 

pure radial load induces a thrust component and 

vice versa. 

 Therefore, taper roller bearings are always used in 

pairs to balance the thrust component.  
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Advantages: 

 Taper roller bearings offer the following advantages: 

 Can take heavy radial and thrust loads. 

 Have more rigidity. 

 The bearing can be easily assembled and disassembled due to separable parts. 

Disadvantages: 

 Taper roller bearings have the following disadvantages: 

 It is necessary to use two taper roller bearings to balance the axial forces. 

 It is necessary to adjust the axial position of the bearing with pre-load.  

 This is essential to coincide apex of cone with the common apex of the rolling 

elements. 

 Cannot tolerate misalignment between the axes of the shaft and the housing bore. 

 Taper roller bearings are costly. 
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   Taper roller bearings have the following applications: 

 Cars, 

 Trucks, 

 Propeller shafts, 

 Differentials,  

 Railroad axle-boxes 

 Large size bearings in rolling mills. 
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   In certain applications, ball bearings are subjected to cyclic loads and speeds 

  radial load 2500 N at 700 rpm for 25% of the time, 

  radial load 5000 N at 900 rpm for 50% of the time, and 

  radial load 1000 N at 750 rpm for the remaining 25% of the time. 

 

 Under these circumstances, it is necessary to consider the complete work cycle while 

finding out the dynamic load capacity of the bearings. 

 

 The procedure for determining the dynamic load capacity of the bearing. consists of 

dividing the work cycle into a number of elements, while the operating conditions of 

load and speed are constant. 
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 Suppose that the work cycle is divided into x elements.  

Let P1, P2, … Px be the loads  

and n1, n2,…, nx be the speeds during these elements. 

  During the first element, the life L1 corresponding to load P1, is given by 

 

  
 
 

 In one revolution, the life consumed is 

 

 Let us assume that the first element consists of N1 revolutions. Therefore, the life 
consumed by the first element is given by, 
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 Similarly, the life consumed by the second element is given by 
 

 Adding these expressions, the life consumed by the complete work cycle is given by 

 
 

 

 If Pe is the equivalent load for the complete work cycle, the life consumed by the work 

cycle is given by, 

 

 

 Equating expressions (a) and (b), 
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 Or, 

 

 

 

 

 

 

 This equation is used for calculating the dynamic load capacity of a bearing 
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 When the load does not vary in steps of constant magnitude, but varies continuously 
with time, the above equation is modified and written as 

 

 

 

 

 

 

 In case of bearings, where there is a combined radial and axial load, it should be fi rst 
converted into equivalent dynamic load before the above computations are carried out. 
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 A single-row deep groove ball bearing has a dynamic load capacity of 40500 N 
and operates on the following work cycle: 

 (i) radial load of 5000 N at 500 rpm for 25% of the time; 

 (ii) radial load of 10000 N at 700 rpm for 50% of the time; and 

 (iii) radial load of  7000 N at 400 rpm for the remaining 25% of the time. 

    Calculate the expected life of the bearing in hours. 



SOLUTION 
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 Given C = 40,500 N 
 

Step I ;  Equivalent load for complete work cycle 

 Consider the work cycle of one minute duration. 

 The values of load P and revolutions N are 

 tabulated as follows: 

 

 



.. 
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 Step II ;  Bearing life ( L10h) 

       According to the load life relationship, 

 



PROBLEM - 2 
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 A ball bearing is operating on a work cycle consisting of three parts a radial 
load of 3000 N at 1440 rpm for one quarter cycle, a radial load of 5000 N at 720 
rpm for one half cycle, and radial load of 2500 N at 1440 rpm for the remaining 
cycle. The expected life of the bearing is 10 000 h. Calculate the dynamic load 
carrying capacity of the bearing. 
 

   

  Given 

  

  



Solution 
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 Step I ;  Equivalent load for complete work cycle. 

    Considering work cycle of one minute duration,  

 

 

 
 

 The average speed of rotation is given by 



Solution 
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 Step II  ;   Dynamic load carrying capacity of bearing. 

 

 

 

       Now,     
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 In the definition of rating life, it is mentioned that the rating life is the life that 90% of a 

group of identical bearings will complete or exceed before fatigue failure.  

 The reliability R is defined as 

 

 

 Therefore, the reliability of bearings selected from the manufacturer’s catalogue is 0.9 

or 90%. 

 In certain applications, where there is risk to human life, it becomes necessary to select 

a bearing having a reliability of more than 90%.  
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 Figure shows the distribution of bearing failures. The relationship between bearing life 
and reliability is given by a statistical curve known as Wiebull distribution. 
 

 For Wiebull distribution, 

 

 

              where, 

  R is the reliability (in fraction),  

   L is the corresponding life  

   a & b are constants. 

 

 

 Relationship between bearing life and reliability  
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Rearranging the above equation, we 

have 



 Wiebull distribution 
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 If L10 is the life corresponding to a reliability of 90% or R90. 
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A single-row deep groove ball bearing is subjected to a radial force of 8 kN and a 

thrust force of 3 kN. The values of X and Y factors are 0.56 and 1.5 respectively. The 

shaft rotates at 1200 rpm. The diameter of the shaft is 75 mm and Bearing No. 6315 

(C =112 000 N) is selected for this application. Estimate  

 (i) the life of this bearing, with 90% reliability. 

 (ii) Estimate the reliability for 20 000 h life. 



… 
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Given Data : 

Step I ; Bearing life with 90% reliability 

  



… 
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 Step II ;   Reliability for 20 000 hr life  Substituting the following values, 

 

 

 

 

 

 We get  



… 
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End of Lecture  
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Springs Defined  
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A resilient  machine element,  

 which deflects under the action of the load  

 and returns to its original shape when the load is removed.  
 

 A spring  is capable of providing large elastic deformation.  
 

 Springs in general, are of following types: 

o  Coil springs 

o  Flat springs 

o  Special-shape springs 



Functions of springs  
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1. To store energy:  

 Springs absorb shocks and vibrations by storing energy.   

 

2. To measure forces.  

  Springs used in w 

 

3. To apply forces 

 Springs maintain contact between the two machine elements by applying forces.   

  

4.  To control the motion  

 of machine elements.  



Applications of springs  
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1. Springs are used for applying forces have the following applications: 

  In the cam and follower mechanism; maintain contact between the machine 

   elements  

             In engine valve mechanism; return the rocker arm to its normal position  

  In clutches, springs provides the force required for engagement and  

  disengagement 
 

4.    Springs used for controlling the motion have the following applications   

     in clocks,  

    toys,  

    movie-cameras,  

    circuit breakers and starters. 



Applications of springs  
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1. Springs are used to  absorb shocks and vibrations have following applications 

   vehicle suspensions, 

   railway buffer springs,  

   buffer springs in elevators and  

   vibration mounts for machines 

 

2. Springs are also used to measure forces and have the following applications 

   in weighing balances  

   in measuring scales 
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Springs can have many shapes, and can be categorized according to their physical 

configurations as : 

 

1. Wire-form springs  

 

2.  Flat springs  

   

3.  Spring washers  

 

4. Flat-wound springs 

  



Spring Configurations 
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1. Wire-form springs  

    helical compression springs 



Spring Configurations 
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1. Wire-form springs  

 

 helical tension, 

 

 

 

  

 helical torsion  
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3. Spring washers  

 curved,  

 wave,  

 finger, 

 Belleville.  

Spring Configurations 
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2.  Flat springs  

   

 Varieties of flat springs. 

  

Spring Configurations 
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4. Flat-wound springs 

  

Spring Configurations 
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These springs are the most widely used ones. 

 

Terminology  

d =  wire diameter of spring (mm) 

Di =  inside diameter of spring coil (mm) 

Do =  outside diameter of spring coil (mm) 

D  =  mean coil diameter (mm) 



SPRING INDEX 
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 The spring index is an important parameter. It is defined as  

the ratio of mean coil diameter to wire diameter. Denoted by the letter C.  

 
 

 It indicates the relative sharpness of the curvature of the coil.  

 The designer should have a good judgement in selecting the value of C. 

Low spring index means high sharpness of curvature. 

 

Low spring index; C < 3,  

 The actual stresses in the wire are excessive due to curvature effect.  

 Such a spring is difficult to manufacture; Special care is required in 

coiling to avoid cracking of the wire.  

 



spring index 
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High spring index;   C > 15  

 This results in large variations of the coil diameter.  

 As such the spring is prone to buckling. 

Practical spring index 

 C = 4 to 12  

 This range is the best from the point of view of manufacturing considerations.  

 A spring index in the range of 6 to 9 is particularly suited for close tolerance 

springs and springs subjected to cyclic loads. 
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There are four important terms related to spring configurations: 

 1. Free length 

 2. Assembled length  

 3. Minimum working length 

 4.  Shut height 



Terms Related to Helical Springs 
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1. Free length; Lf 

 The overall spring length in the unloaded condition, i.e., as manufactured.. 

 In this case, no external force acts on the spring.  

 Free length is the length of the spring in free condition prior to assembly 

 

2. Assembled Length; La 

 It is the length of the spring after installation to its initial deflection yinitial.  

 This initial deflection in combination with spring rate k determines preload force 

required at assembly. 

 

 
. 



Terms Related to Helical Springs 
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. 

• Sometimes, an arbitrary decision is 

taken and it is assumed that there is a 

gap of 1 or 2 mm between adjacent 

coils under maximum load condition.  

 

3. Minimum Working Length; Lm 

 The working load on the spring further compresses it to its working deflection yworking.  

 The shortest length of the spring to which it is compressed in service. 

 Under this condition, there should be some gap or clearance between the adjacent 

coils. The gap is essential to prevent clashing of the coils.  

 

 



Terms Related to Helical Springs 
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4. Shut height or solid height Ls 

 The length to which spring gets compressed when all coils are in contact. Once shut, the 

spring can support “indefinite” loads up to the compressive strength of wire. 

  The clash allowance yclash  is the 

difference between the minimum         

working length and the shut height. 

 It is expressed as a percentage of the 

working deflection.  
 

 

 A minimum clash allowance of 10–15% 

is recommended to avoid reaching the 

shut height in service. 

 



Expressions for spring Lengths 
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  Solid length = Nt.d,   

  where, Nt = total number of coils and d is the diameter of spring wire. 
 

  Free length = Assembled length + yinitial 

  = solid length + yworking  + + yworking  + yclash 

+ δ 



Pitch of the Coil  
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 The axial distance between adjacent coils in uncompressed state of 

spring.  

 It is denoted by p 

 

 p = Lf / (Nt -1) 



Stiffness of the spring 

14 Nov. 2020 M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 

21 

Defined as the force required to produce unit deflection in the spring.  
 

 Stiffness   ( N/mm ) 
 

 where, P = axial spring force (N) 

  d = axial deflection of the spring. 

 
The stiffness of spring is also known by the following names:  

  rate of spring,  

  gradient of spring,  

  scale of spring 

  spring constant.  
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 The spring stiffness represents the slope of the load-deflection curve for the spring. 

 
 The spring rate for a constant-pitch helical 

compression spring is linear over most of its 

operating range. 

 Only the first and last few percent of its deflection 

is nonlinear. 
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 All the coils in a spring may or may not contribute actively to the spring’s deflection. 

 The active coils are the ones which deflect under the action of applied forces forces. 

 The no. of active coils Na  present in a spring, depends on the end treatment.  

 There are four  

    end-coil conditions.  



… 
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 Squared ends effectively remove two coils from active deflection. 

 Grinding by itself removes 1 active coil. 

 The calculated number of active coils is usually rounded to the nearest 1/4 coil, 

    as the manufacturing process cannot always achieve better than that accuracy. 

   . 
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  An external force F is assumed to be applied along the axis of 
the helix.  

 This is achieved by winding the end coils with zero pitch and 
then grinding the ends flat. 

 In this way the pressure applied by the end plates is uniformly 
distributed. 

 We take a horizontal cutting plane and draw the FBD of a portion 
of the spring. 

 The wire is subjected to  

 (1) a transverse shear force of F 

 (2) a torque equal to FD/2.  

 The entire length of active wire in the helix  is subjected to 
torque.  
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 For a round solid wire coil spring, the direct stress is 

 

 

 

 For a round solid wire coil spring, the resulting torsional 

stress is 
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 The two shear stresses add  directly,  

 

               = 

 

 

 Maximum shear stress  occurs      

 at the inner fibre of  the  wire’s 

  cross section,  
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 Torsional shear stress is 

 
 

 Thus, a helical compression or tension spring can be thought of as a torsion bar wound 

in the form of a helix. 
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 The maximum shear stress occurs at the inner fiber of the wire’s cross section, 

 

 

 

 

 
 

  The factor Ks is a direct shear stress factor. 

 



Stresses In Helical Springs  

8/21/2020 M. N. Alam / Mech. Engg. Dept. / A.M.U. Aligarh 

30 

Curvature Effect: 

 In addition, the inner surfaces of the coil is subjected 

to an increase in the intensity of torsional stress due 

to its curvature. 

 This effect is similar to stress concentration due to 

shifting of the neutral axis away from the geometric 

center in curved beams. 

 This makes the already high stress at the inner 

surface of the coil even higher 
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 Wahl determined the stress-concentration factor for round 
wires and defined a factor Kw. 

 

 

 

 

 The Wahl’s factor incudes both the direct shear effects and 
the stress concentration for round wires with C ≥ 1.2 

 

 This effect can be neglected for static loading, because 
local yielding with the first application of the load will 
relieve it. 
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 The deflection-force relations can be obtained -- using Castigliano’s theorem. 
 

 The total strain energy of spring is composed of two components 

1. Torsional component  

 

 

 

2. Shear component. 
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 Therefore the  strain energy of spring  

 

 

 

 Substituting the following relations: 

 We get, the total strain energy as;  

 

 

 

 

 where N = Na are the number of active coils. 
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 Since C = D/d, we can write; 

 

 

 

 

 
 

 The spring rate or scale of the spring 

 

 

 

 

 

 

 

 Now using Castigliano’s Theorem the 

total deflection in the spring, may be 

written as: 
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 The spring stiffness, springs rate or the spring scale ;  
 

 Using the equation the number of active coils needed to maintain the desired deflection or 

spring stiffness can be determined.  

 In order to maintain proper contact and align the force along the spring axis the ends are to 

be properly shaped. The four types of ends generally used for compression springs are: 
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 This is a process used in the manufacture of compression springs to induce 
useful residual stresses.  

 It is done by making the spring longer than needed and compressing it to its solid 
height.  

 This operation sets the spring to the required final length. 

 Since the torsional yield strength has been exceeded, residual stresses are 
induced in the spring. 

 The direction of the residual stresses are opposite to those induced during the 
service.  

 Thus, the process increases the strength of the springs. 

 This is especially useful when the spring is used for energy storage purposes.  

 However, this should not be used for springs subjected to fatigue loading 
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Selection of the manufacturing process  

Springs are manufactured by two processes: 

 1. Hot-working processes 

 2. Cold-working processes 

 Selection of the manufacturing process depends upon the size, the spring index, and 
the properties desired of the spring.  

 In general, pre-hardened wire should not be used…. if D/d < 4, or if d > 1/4 inch.  

 Winding of the spring induces residual stresses through bending. 

 But these are normal to the direction of the torsional working stresses in a coil spring.  

 Quite frequently in spring manufacture, these stresses are relieved after winding, by a 
mild thermal treatment. 
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Selection of material  
 

A great variety of spring materials are available to the designer, these include 

 Steels: 

 Plain carbon steels,  

 Alloy steels 

 Corrosion-resisting steels 

 

 Nonferrous materials such as  

 phosphor bronze,  

 spring brass 

 beryllium copper 

 Nickel alloys. 
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Factors influencing selection of material  
 

The selection of the wire material depends upon the following factors: 

(i)  The load acting on the spring 

(ii)  The range of stress through which the spring operates 

(iii) The limitations on mass and volume of spring 

(iv) The expected fatigue life 

(v)  The environmental conditions in which the spring will operate such as temperature and 

corrosive atmosphere. 

(vi) The severity of deformation encountered while making the spring. 
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Spring Steels 

 There are four basic varieties of steel wires which are used in springs : 

(i)  patented and cold-drawn steel wires (unalloyed) 

(ii)  oil-hardened and tempered spring steel wires and valve spring wires 

(iii)  oil-hardened and tempered steel wires (alloyed) 

(iv)  stainless steel spring wires 

 The most extensively used spring material is high-carbon hard-drawn spring steel.  

It is often called ‘patented and cold-drawn’ steel wire.  
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Spring Steels 

Patenting : 

 This is the process of heating the steel to above the critical range followed by rapid 

 cooling to transform at an elevated temperature from 455° to 465°C.  

 This operation produces a tough uniform structure suitable for severe cold drawing.  

 After this operation, the spring wire is produced from hot rolled rods by cold drawing 

 through carbide dies to obtain the required diameter. 

 The patented and cold drawn steel wires are made of high carbon steel and contain 

0.85–0.95% carbon. It 
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End of Part - 1 
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Terminology  

d =  wire diameter of spring (mm) 

Di =  inside diameter of spring coil (mm) 

Do =  outside diameter of spring coil (mm) 

D  =  mean coil diameter (mm) 

C = The spring index  

p = Pitch of coils 

 L f = Free length 

 L a = Assembled length  

 L m = Minimum working length 

 L s = Shut height       

p = Lf  x ( Nt –-1 ) 
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Nomenclature :   

A  Material constant  

C  Spring index=D/d  

d  Wire diameter  

D  Mean coil diameter  

f  Natural frequency of the spring  

F  Force/Load  

G  Shear Modulus (of Rigidity)  

J  Polar Moment of Inertia  

k  Spring rate or spring stiffness  

K  Stress correction factor  

L  Length  

N  Number of coils  

T  Torsional Moment  

U  Strain energy  

 Helix angle  

y  Deflection  

γ  Density  

τ  Shear stress in spring  
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Design Consideration : 

 

  The design of a new spring involves the following considerations:-Space into which the 

spring must fit and operate. -Values of working forces and deflections. -Accuracy and 

reliability needed  

 

  The primary consideration in the design of the coil springs are that the induced 

stresses are below the permissible limits while subjected to or exerting the external 

force F capable of providing the needed deflection or maintaining the spring rate 

desired.  



DESIGN OF HELICAL SPRINGS 
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There are three objectives for the design of the helical spring. They are as follows: 

(i) It should possess suffi cient strength to withstand the external load. 

(ii) It should have the required load-deflection characteristic. 

(iii) It should not buckle under the external load. 



Factor of Safety  
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The factor of safety in the design of springs is usually 1.5 or less. The use of a 
relatively low factor of safety is justified on the following grounds: 

(i)  In most of the applications, springs operate with well defined deflections. 
Therefore, the forces acting on the spring and corresponding stresses can 
be precisely calculated.  

 It is not necessary to take higher factor of safety to account for uncertainty in 
external forces acting on the spring. 

(ii)  In case of helical compression springs, an overload will simply close up the 
gaps between coils without a dangerous increase in deflection and stresses. 

(iii)  In case of helical extension springs, usually overload stops are provided to 
prevent excessive deflection and stresses. 
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(iv)  The spring material is carefully controlled at all stages of Manufacturing. The thin 

and uniform wire cross-section permits uniform heat treatment and cold working of 

the entire spring. 

 Therefore, the factor of safety based on torsional yield strength (Ssy) is taken as 

1.5 for the springs that are subjected to static force. 
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 The permissible shear stress is, therefore, 30% of the ultimate tensile strength of the 

spring wire. 

 The Indian Standard 4454–1981 has recommended a much higher value for the 

permissible shear stress. 

 According to this standard, 

    𝝈 = 𝑺𝒖𝒕 

 This is due to higher tensile yield strengths exhibited by the spring wires.  

 In design of helical springs, the permissible shear stress (t) is taken from 30% to 

50% of the ultimate tensile strength (Sut). 
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The basic procedure for the design of helical spring consists of the following steps: 

(i)  For the given application, estimate the maximum spring force (P) and the 
corresponding required deflection (d) of the spring.  

 In some cases, maximum spring force (P) and stiffness k, which is (P/d), are 
specified. 

(ii)  Select a suitable spring material and find out ultimate tensile strength (Sut) from the 
data.  

 Calculate the permissible shear stress for the spring wire by following relationship: 

t = 0.30 Sut or 0.50 Sut 

(iii)  Assume a suitable value for the spring index (C).  

 For industrial applications, the spring index varies from 8 to 10.  

 A spring index of 8 is considered as a good value. The spring index for springs in 
valves and clutches is 5. The spring index should never be less than 3. 
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(viii)  Decide the style of ends for the spring depending upon the configuration of the 
application.  

 Determine the number of inactive coils. Adding active and inactive coils, find out the 
total number of coils (Nt). 

(ix)  Determine the solid length of the spring by the following relationship: 

    Solid length = Ntd 

(x) Determine the actual deflection of the spring by Equation 

 

 

 

(xi)  Assume a gap of 0.5 to 2 mm between adjacent coils, when the spring is under the 
action of maximum load. The total axial gap between coils is given by, 

    total gap = (Nt – 1) \ gap between two adjacent coils 

 In some cases, the total axial gap is taken as 15% of the maximum deflection: 
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(xii)  Determine the free length of the spring by the following relationship: 

   free length = solid length + total gap + d 

(xiii)  Determine the pitch of the coil by the following relationship: 

 

 

(xiv) Determine the rate of spring by Eq. (10.9). 

 

 

(xv)  Prepare a list of spring specifications. 

 

 

 



Problem 
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It is required to design a helical compression spring subjected to a maximum force of 
1250 N. The deflection of the spring corresponding to the maximum force should be 
approximately 30 mm. The spring index can be taken as 6. The spring is made of 
patented and cold-drawn steel wire. The ultimate tensile strength and modulus of rigidity 
of the spring material are 1090 and 81 370 N/mm2 respectively.  The permissible shear 
stress for the spring wire should be taken as 50% of the ultimate tensile strength. Design 
the spring and calculate: 

(i) wire diameter; 

(ii) mean coil diameter; 

(iii) number of active coils; 

(iv) total number of coils; 

(v) free length of the spring; and 

(vi) pitch of the coil. 

Draw a neat sketch of the spring showing various dimensions. 
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Given :  

P = 1250 N  

d = 30 mm C = 6 

Sut = 1090 N/mm2  

G = 81 370 N/mm2,  

t = 0.5 Sut 
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DESIGN AGAINST FLUCTUATING LOAD 
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 In many applications, the force acting on the spring is not constant but varies in 

magnitude with time.  

 The valve spring of an automotive engine is subjected to millions of stress cycles 

during its lifetime.  

 On the other hand, the springs in linkages and mechanisms are subjected to 

comparatively less number of stress cycles.  

 The springs subjected to fluctuating stresses are designed on the basis of two 

criteria—design for infinite life and design for finite life.  

 Let us consider a spring subjected to an external fluctuating force, which changes its 

magnitude from 

  Pmax. to Pmin. in the load cycle.  
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 The mean force Pm and the force amplitude Pa are given by 

 

 

 

 

 The mean stress (tm) is calculated from mean force (Pm) by using shear stress 

correction factor (Ks). It is given by 
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 Ks is the correction factor for direct shear stress and it is applicable to mean stress only. 

For torsional stress amplitude (ta), it is necessary to also consider the effect of stress 

concentration due to curvature in addition to direct shear stress. Therefore, 

 

 

 

 

 

 For Patented and cold-drawn steel wires (Grade-1 to 4) 
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 For oil-hardened and tempered steel wires (SW) and VW grade), 

 

 

 

 where Sut is the ultimate tensile strength 
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 To consider the effect of the factor of safety, a line DC is constructed from the point D 

on the abscissa in such a way that  

 

 

 

 The line DC is parallel to the line BA.  

 
 Any point on the line CD, such as X, 

represents a stress situation with the 

same factor of safety.  
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 Line CD is called the design line because it is used to find out permissible stresses with 

a particular factor of safety.  

 
 The line GH is called load line. It is drawn 

from the point G on the abscissa at a 

distance ti from the origin.  

 

 The torsional shear stress due to initial 

pre-load on the spring (Pi) is ti. The line 

GH is constructed in such a way that its 

slope q is given by, 
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 The point of intersection between design line DC and load line GH is X.  

 The coordinates of the point X are (tm, ta). 
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The constructional details of an exhaust valve of a 

diesel engine are shown in Fig. 10.22. The 

diameter of the valve is 32 mm and the suction 

pressure in the cylinder is 0.03 N/mm2. The mass 

of the valve is 50 g. The maximum valve lift is 10 

mm. The stiffness of the spring for the valve is 10 

N/mm. The spring index can be assumed as 8. 

The permissible shear stress in the spring wire is 

recommended as 30% of the ultimate tensile 

strength. Neglecting the effect of inertia forces, 

design the spring for static considerations and 

determine the factor of safety against fluctuating 

stresses. 
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Given  

k = 10 N/mm  

C = 8  

t = 0.3 Sut 

 

Step I Maximum spring force 

The spring is subjected to fluctuating stresses. Therefore, oil-hardened and tempered 
valve spring wire of Grade-VW is selected for this application. 

Initially, the spring is fitted with a pre-load. The initial pre-load should be sufficient to hold 
the valve on its seat against the negative pressure inside the cylinder during the suction 
stroke.  

Since the cylinder is vertical, additional pre-load should be provided to account for the 
weight of the valve. 
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To be on the safer side, the initial pre-load is taken as 30 N.  

During the exhaust stroke, the spring is further compressed by 10 mm (valve-lift).  

The maximum force acting on the spring is given by 

  Pmax. = Pmin. + kd = 30 + 10(10) = 130 N 
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Step II Design against static load 
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 The permissible shear stress is 

denoted by td in order to 

differentiate it from the induced 

stress t. It is given by, 
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 The design is satisfactory and the wire diameter should be 3 mm.  

 However, the spring is subjected to fluctuating stresses and to account for these 

stresses, the wire diameter is increased to 4 mm. 
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 Solid length of spring = Ntd = 10(4) = 40 mm 

 It is assumed that there will be a gap of 0.5 mm between consecutive coils when the 

spring is subjected to the maximum force.  

 The total number of coils is 10. The total axial gap between the coils will be (10 – 1) \ 

0.5 = 4.5 mm. 

 Free length = solid length + total axial gap + d 

 Free length = 40 + 4.5 + 13.09 = 57.59 or 60 mm 
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 From. Eq. (10.21), the relationships 

for oil hardened and tempered steel 

wire are as follows: 

 S¢se = 0.22 Sut = 0.22(1400) = 308 

N/mm2 

 Ssy = 0.45 Sut = 0.45(1400) = 630 

N/mm2 

 From Eq. (10.22), 
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 Step IV Spring specifications 

(i) Material = oil-hardened and tempered steel wire of Grade-VW 

(ii) Wire diameter = 4 mm 

(iii) Mean coil diameter = 32 mm 

(iv) Free length = 60 mm 

(v) Total number of coils = 10 

(vi) Style of ends = square and ground 
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