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Abstract— Reduction of friction in rotating parts of machine 

component is very important. Ball bearings are very 

commonly used in machine elements. They are employed to 

permit rotary motion of, or about, shafts in simple 

commercial devices such as bicycles, roller skates and 

electric motors. They are also used in complex engineering 

mechanisms such as aircraft gas turbines, rolling mills, 

dental drills, gyroscopes and power transmissions. The 

motion of the ball and inner race may look to be simple 

rotation but, after a deep observation it is seen that there is a 

relative motion between them. Statically and dynamically 

loaded bearings are studied and the deformations of the ball 

are discussed. It is very inevitable for engineers and 

designers to understand these differences, time lag, 

deformations of ball and the stresses thereafter. The effect 

on the velocity and acceleration of the ball by varying 

contact angle and speed of rotation of shaft is also tabulated. 

The research may be further carried out to understand the 

stresses for complete rotation of the ball. 

Key words: inner race, time lag, static loading, dynamic 

loading, ball deformation. 

I. INTRODUCTION 

A bearing is a machine element that constrains relative 

motion and reduces friction between moving parts to only 

the desired motion. The main parts of a bearing are inner 

race, outer race and balls. Either of the raceway is fixed and 

other is made free to rotate. The shaft is generally the 

rotating member and hence is inserted in the inner race of 

the bearing and so, the outer race is made fixed. The ball 

contacts each race across a very narrow area. However, a 

load on an infinitely small point would cause infinitely high 

contact pressure. In practice, the ball deforms (flattens) 

slightly where it contacts each race much as a tire flattens 

where it contacts the road. The race also yields slightly 

where each ball presses against it. Thus, the contact between 

ball and race is of finite size and has finite pressure. Note 

also that the deformed ball and race do not roll entirely 

smoothly because different parts of the ball are moving at 

different speeds as it rolls. Thus, there are opposing forces 

and sliding motions at each ball/race contact. Overall, these 

cause bearing drag. 

II. BALL BEARING STATICS 

It can be observed that in a radial ball bearing, only half the 

balls carry any load and the remaining half the balls are 

unloaded. The distribution of load on the balls can be as 

shown in figure 1. The total radial load say p will be equal 

to the sum of the vertical components of the loads carried by 

the individual balls. 

 

Fig. 1:  

Let the no. of balls are 10 as shown in figure 1. Then, the 5 

balls below the horizontal line will share the load.   

  P = p1+2p2cosβ+2p3cos2β…………. (i) 

In general, the equation for number of balls would be 

P=p1+2p2cosβ+2p3cos2β+2p4cos3β+…+2pncos(nβ); 

Where, p1, p2 , p3 ,…pn are the load carried by individual 

balls and  β, 2β, 3β,…, nβ are the angle made by individual 

balls at center. 

Let us now assume that both the inner race and outer race 

shape at the ball contact do not change, and then it is 

obvious that the deformation will be in the ball. There will 

be slight change in the contact zone. The contact zone will 

become elliptical from its original circular contact zone. 

If the deformation due to p1 is δ1 of ball no. 1, 

Deformation of ball no. 2, 3, …, n would be δ2= δ1 cosβ, 

δ3= δ1 cos2β, and so on. …………… (ii) 

We know that the deformation of  a spherical body varies as 

the two third power of load, i.e., δ α p3/2 

Therefore following proportions can be written as (δ2/ 

δ1)=(p2/p1)2/3 or (p2/p1)=(δ2/ δ1)3/2 

(p2/p1)=(δ2/ δ1)3/2 = (cosβ)3/2 & (p3/p1)=(δ3/ δ1)3/2 = 

(cos2β)3/2 

From these, substituting the values of p2 , p3 to equation (i), 

we get, 

P = p1+2p1 (cosβ)3/2+2p1 (cos2β)3/2 = p1 {1 + 2(cos β)5/2 

+ 2(cos2 β)5/2 + …} = qp1 

where,q is the term which depends only on β and which in 

turn depends on no. Of balls. 

Let, z be the no. of balls in the bearing, then if z = 8, 

 q = 1+2(cos450)5/2+2(cos900)5/2 = 1.8408 

 Or, z/q = 4.35. Similarly, for z = 10, q = 2.2834 and z/q = 

4.38  

It is seen that z/q values remains approx. same for all 

practical values of z. Therefore, q can be taken as  z/4.37. 

Hence, load on the most heavily loaded ball is p1 = 4.37p/z. 

The load bearing capacity of a ball bearing is considerably 

much more in running condition than in static condition. 

When the bearing is rotating, the bearing fails in fatigue 

rather than from maximum compressive stress in the ball or 

races. Two types of profile are seen in the bearing. One is 

the contact zone of ball surface and the inner race surface 

(convex-convex) and the other is the contact zone of ball 

surface and the outer race surface (convex-concave). 

The width of the contact zone a, and the maximum 

compressive stress po can thus be obtained by the equations: 
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with Poisson’s ratio as: 
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We can write the above equations by considering µ=0.3, 

When ball surface and the inner race surface are in contact 

(convex-convex) 
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When ball surface and the outer race surface are in 

contact(convex-concave) 
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Where, a is half width of contact zone, R is radius of the 

ball, P is the load on ball and δ is normal approach towards 

each other of contacting surfaces. 

III. BALL BEARING KINEMATICS 

In bearings, the motion of ball is initiated by the rotation of 

either of the races. If inner race is made fixed then the 

rotation of outer race is the input for the motion of ball. If 

the outer race is fixed then the rotation of inner race is the 

input for the ball motion. Let us consider a case where the 

outer race is fixed and the shaft is fitted in the inner race. 

Primarily the shaft rotates (may be by motor or power 

received from other parts) and hence the inner race. The 

speed of the shaft is the speed of the inner race and so is the 

angular velocity. To understand the kinematics of the ball, 

let us consider the simple rolling motion of the ball 

(neglecting sliding). Referring figure 2 and considering a 

particular case of ball bearing 6210, where, dm=70mm, 

D=12.7mm, di=57.3mm and do= 82.7mm. 

 

Fig. 2:  

 

Let us take three cases as: 

Case I: when Ns=Ni=1440rpm i.e., ωi=48π rad/s  

Case II: when Ns=Ni=960rpm i.e., ωi=32π rad/s  

Case III: when Ns=Ni=480rpm i.e., ωi=16π rad/s 

We can tabulate the values corresponding to varying contact 

angle in each case and hence obtain graphs. Following are 

the terms used in tabulating the values: 

Contact angle, α is in degree; γ=( D cos α)/ dm) is constant; 

vm = ½ ωmdm is the mean velocityof the ball; Nm = ½ Ni (1- 

γ) &  Nr = ½ (dm/D) Ni (1- γ
2
);are the mean speed of ball 

during its revolution and rotation respectively. 

Corrosponding angular velocity is also calculated. Finally 

the time period and the acceleration are found. 

Case I: Ns=Ni=1440rpm i.e., ωi=48π rad/s 

 
Table. 1: 

 
Fig. 3: 

 
Fig. 4: 

 
Fig. 5: 

Case II: when Ns=Ni=960rpm i.e., ωi=32π rad/s 

 

Contact 

angle α 

in 

Degree

Contact 

angle α in 

Radian

Constant     

ɼ

Inner race 

velocity Vi

Mean 

velocity Vm

Mean rpm, 

Nm

Ball rotation 

Nr rpm

Mean 

Angular 

velocity, 

ωm

Ball 

rotational 

Angular 

velocity, ωr

θ t Φ am

0 0.00000 0.18143 4319.50320 2159.75160 589.37143 -3837.87537 61.71883 -401.90137 1.13995 0.018470 2.785218 116932.62

10 0.17453 0.17867 4334.04790 2167.02395 591.35597 -3841.81430 61.92665 -402.31385 1.13995 0.018408 2.775871 117721.43

20 0.34907 0.17049 4377.24009 2188.62004 597.24930 -3853.15601 62.54380 -403.50155 1.13995 0.018226 2.748480 120079.49

30 0.52360 0.15712 4447.76737 2223.88369 606.87234 -3870.53251 63.55152 -405.32122 1.13995 0.017937 2.704898 123980.17

40 0.69813 0.13898 4543.48682 2271.74341 619.93271 -3891.84794 64.91920 -407.55336 1.13995 0.017560 2.647913 129373.89

50 0.87266 0.11662 4661.49006 2330.74503 636.03357 -3914.53136 66.60528 -409.92877 1.13995 0.017115 2.580883 136181.35

60 1.04720 0.09071 4798.19160 2399.09580 654.68571 -3935.84679 68.55853 -412.16091 1.13995 0.016627 2.507353 144285.69

70 1.22173 0.06205 4949.43785 2474.71892 675.32240 -3953.22330 70.71960 -413.98058 1.13995 0.016119 2.430732 153525.26

80 1.39626 0.03150 5110.63326 2555.31663 697.31659 -3964.56500 73.02282 -415.16828 1.13995 0.015611 2.354064 163688.26

90 1.57080 0.00000 5276.88000 2638.44000 720.00000 -3968.50394 75.39822 -415.58076 1.13995 0.015119 2.279900 174510.89

Contact 

angle α 

in 

Degree

Contact 

angle α 

in 

Radian

Constant     

ɼ

Inner 

race 

velocity 

Vi

Mean 

velocity 

Vm

Mean 

rpm, 

Nm

Ball 

rotation 

Nr rpm

Mean 

Angular 

velocity, 

ωm

Ball 

rotational 

Angular 

velocity, 

ωr

θ t Φ am

0 0.0000 0.18143 2879.67 1439.83 392.91 -2558.58 41.15 -267.93 1.13995 0.027705 2.785218 51970.06

10 0.1745 0.17867 2889.37 1444.68 394.24 -2561.21 41.28 -268.21 1.13995 0.027612 2.775871 52320.63

20 0.3491 0.17049 2918.16 1459.08 398.17 -2568.77 41.70 -269.00 1.13995 0.027340 2.748480 53368.66

30 0.5236 0.15712 2965.18 1482.59 404.58 -2580.36 42.37 -270.21 1.13995 0.026906 2.704898 55102.30

40 0.6981 0.13898 3028.99 1514.50 413.29 -2594.57 43.28 -271.70 1.13995 0.026339 2.647913 57499.51

50 0.8727 0.11662 3107.66 1553.83 424.02 -2609.69 44.40 -273.29 1.13995 0.025673 2.580883 60525.04

60 1.0472 0.09071 3198.79 1599.40 436.46 -2623.90 45.71 -274.77 1.13995 0.024941 2.507353 64126.97

70 1.2217 0.06205 3299.63 1649.81 450.21 -2635.48 47.15 -275.99 1.13995 0.024179 2.430732 68233.45

80 1.3963 0.03150 3407.09 1703.54 464.88 -2643.04 48.68 -276.78 1.13995 0.023416 2.354064 72750.34

90 1.5708 0.00000 3517.92 1758.96 480.00 -2645.67 50.27 -277.05 1.13995 0.022679 2.279900 77560.40
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Table. 2: 

 
Fig. 6: 

 
Fig. 7: 

 
Fig. 8: 

Case IV: When contact angle, α=0. 

 
Table. 3: 

 

Fig. 9: 

 
Fig. 10: 

 
Fig. 11: 

 
IV. CONCLUSION 

Based on the present works the following are some 

prominent conclusions have been drawn which are given 

below. 

1) There is a difference between the time required by ball 

and inner race to travel a particular angular distance. 

This is being termed here as the “time lag”. The lesser 

the time lag the better is the bearing, because the faster 

will be the movement of the ball relative to the inner 

race. 

2)  To minimize the magnitude of the resultant force on 

the ball, it should be ensured that the ball is at proper 

contact angle with inner & outer race. At different 

contact angles, the magnitude of the force varies at a 

constant speed of the bearing. This is well shown with 

the calculations and graphs. 

3) The bearing will have a long and smooth life only if 

there is minimum stress in the ball. To achieve this, 

there should be either less resultant force on the ball or 

the contact area should be greater. If the load on the 

bearing is fixed for a time of run of the bearing, then 

selecting a bearing with proper number of balls and 

diameter of the ball helps. 

4) In cases where, there is variation of load on the bearing 

while working, it is always desired to have as low 

stress as possible on the ball. This can only be 

achieved when the load is low at smaller speed and at 

high speed the load high. And also, at this time, the 

Ni or Ns in 

rpm
ωi

Inner race 

velocity Vi

Mean 

velocity 

Vm

Mean 

rpm, Nm

Ball 

rotation Nr 

rpm

Mean 

Angular 

velocity, 

ωm

Ball 

rotational 

Angular 

velocity, ωr

θ t Φ am

0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.13995 0.000000 0.00000 0.00

120 12.5664 360.0265 180.0133 49.1143 319.8229 5.1432 33.4918 1.13995 0.221641 2.78522 812.19

240 25.1327 720.0530 360.0265 98.2286 639.6459 10.2865 66.9836 1.13995 0.110820 2.78522 3248.74

360 37.6991 1080.0796 540.0398 147.3429 959.4688 15.4297 100.4753 1.13995 0.073880 2.78522 7309.67

480 50.2655 1440.1061 720.0530 196.4571 1279.2918 20.5729 133.9671 1.13995 0.055410 2.78522 12994.97

600 62.8319 1800.1326 900.0663 245.5714 1599.1147 25.7162 167.4589 1.13995 0.044328 2.78522 20304.63

720 75.3982 2160.1591 1080.0796 294.6857 1918.9377 30.8594 200.9507 1.13995 0.036940 2.78522 29238.67

840 87.9646 2520.1856 1260.0928 343.8000 2238.7606 36.0027 234.4425 1.13995 0.031663 2.78522 39797.08

960 100.5310 2880.2121 1440.1061 392.9143 2558.5836 41.1459 267.9342 1.13995 0.027705 2.78522 51979.86

1080 113.0973 3240.2387 1620.1193 442.0286 2878.4065 46.2891 301.4260 1.13995 0.024627 2.78522 65787.01

1200 125.6637 3600.2652 1800.1326 491.1429 3198.2295 51.4324 334.9178 1.13995 0.022164 2.78522 81218.53

1320 138.2301 3960.2917 1980.1458 540.2571 3518.0524 56.5756 368.4096 1.13995 0.020149 2.78522 98274.43

1440 150.7964 4320.3182 2160.1591 589.3714 3837.8754 61.7188 401.9014 1.13995 0.018470 2.78522 116954.69
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contact should be greater with minimum resultant 

force. 

5) The bearing must be designed considering all the 

contacts of the ball with inner and outer races. 

Generally, in most of the bearing designs, the contacts 

considered are two, but in actual it is four sometime 

and three at most of the time of run. 
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