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Kinetic Energy of a Rolling Object

A rol l ing  object  possesses  two forms of  k inet ic  energy:
.

1. Rotat ional  Kinet ic  Energy:  
.

      Rotat ional  KE = 1/2 ( I  ω2)
k

◦ I  i s  the  moment  of  inert ia   bout  COM
◦ ω  i s  the  angular veloci ty.

  2.  Translat ional  Kinet ic  Energy:  
.

      Translat ional  KE = 1/2  (M  v c2)
◦ M is  the  mass  of  the  object  

◦ v c  i s  the  veloci ty  of  the  center of  mass
.
.

              Total  KE = 1/2  ( I  ω2)  +  1/2  (M v c2)
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Energy Conservation in Rolling Motion

When an object  rol l s  without  s l ipping,  i t s  total  
mechanical  energy i s  conserved.  
.

1. Mgh = 1/2 (M  v2)  +  1/2  ( I  ω2)
.

◦ This  i s  a lso  a  condit ion to  veri fy  i f  an object  i s  
rol l ing  without  s l ipping.

2. I f  s l iding  � sl ipping  occurs,  k inet ic  frict ion generates  
thermal  energy,  and the  equat ion must  be  modif ied to  
include heat  loss:
.

◦ Mgh = 1/2  (M  v2)  +  1/2  ( I  ω2)  +  E thermal  loss
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Friction and Rolling
1. I f  a  wheel  rol l s  at  constant  speed,  the  tangent ial  veloci ty  

equals  the  l inear veloci ty  

          ωR = v c

◦ This  means  there  i s  no  relat ive  motion between the  wheel  
and the  surface  at  the  contact  point  (P),  so  no  frict ional  
force i s  required f� motion

2. Accelerat ion and Frict ion
◦ I f  a  force acts  on the  wheel  to  increase  i t s  speed,  i t  

causes  accelerat ion of  the  center of  mass  and angular 
accelerat ion of  the  wheel.

When ωR > v c,  a  stat ic  frict ional  force (Fs)  acts  at  point  P to  
prevent  s l iding Fs
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Static & kinetic friction in rolling

1. Condit ion f� rol l ing  without  s l ipping  

         ωR = v c

2. I f  an external  force induces  stat ic  frict ion,  
condit ion f� rol l ing  without  s l ipping  can also  
be  given using  the  equat ion  

        a c  =  R ɑ

3. I f  the  force causing  s l ip  exceeds  the  maximum stat ic  frict ion (Fs,max),  
▫ the  wheel  s l ides,  and kinet ic  frict ion takes  over.  
▫ The  above equat ions  become inval id

w w w .T h e S c i e n c e C u b e . c o m

https://www.thesciencecube.com/


derivation: linear acceleration of a rolling sphere
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hollow & solid sphere: which rolls faster?
Roll ing  Bal l  
.

Consider a sol id  sphere  and a hol low sphere,  both with the  same mass  (2 kg)  and 
radius  (0.2 m),  rol l ing  down a ramp incl ined at  30 degrees.  Let’ s  compare their  
l inear accelerat ions  and energies.

Energy Conservat ion:

At  the  top,  both have same potent ial  energy:   mgh
As they  rol l ,  th i s  potent ial  energy converts  into:
 
◦ Translat ional  k inet ic  energy:     1/2 (m v2)
◦ Rotat ional  k inet ic  energy:      1/2 ( I  ω2)

The  total  mechanical  energy i s  conserved,  so:  
 
     mgh = 1/2(mv2)  +  1/2 ( I  ω2)
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hollow & solid sphere: acceleration calculation
Moment  of  Inert ia:
.

F� a sol id  sphere:  I  =  (2/5) ×  m × R2.
F� a hol low sphere:  I  =  (2/3) ×  m × R2.
.

The  hol low sphere  has  a  larger moment  of  inert ia,  meaning  more of  i t s  energy i s  used f� 
rotat ion,  leaving  less  f� translat ional  motion.
.

Linear Accelerat ion:  a  =  (g  ×  s in(θ))  /  (1  +  ( I  /  (m × R2))).

F� the  sol id  sphere:
.

I  =  (2/5) ×  m × R2:
a =  (g  ×  s in(θ))  /  (1  +  2/5) 
a  =  3.5 m /s2.

F� the  hol low sphere:
.

I  =  (2/3) ×  m × R2:
a =  (g  ×  s in(θ))  /  (1  +  2/3) 
a  =  2.94 m /s2.
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hollow & solid sphere: inferences
Key Observat ions:

1. The  sol id  sphere  accelerates  faster  than the  hol low sphere  
because  i t  has  a  smaller  moment  of  inert ia.  This  means  more 
energy i s  converted into  translat ional  motion.

2. The  hol low sphere  accelerates  more slowly  because  a larger 
proportion of  i t s  energy i s  used f� rotat ional  motion.

Kinet ic  Energy Distr ibut ion at  the  bottom of  the  ramp:
.

1. F� the  sol id  sphere,  a  greater proportion of  i t s  total  k inet ic  
energy i s  in  translat ional  motion.

2. F� the  hol low sphere,  a  greater proportion of  i t s  total  k inet ic  
energy i s  in  rotat ional  motion.
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key formulas & equations
Equation When to Use Notes

Total KE = ½ M vc2 + ½ I ω2 Calculating the total kinetic energy of a rolling object, 
combining translational and rotational components.

Ensure to use the correct moment of inertia (I) f� 
the object's shape

Mgh = ½ M v2 + ½ I ω2 Analyzing energy conservation when an object starts 
to roll without slipping from a height h.

Valid only in the absence of non-conservative forces 
like air resistance � kinetic friction.

vc = Rω Relating linear velocity of the center of mass to 
angular velocity f� pure rolling motion.

If vc ≠ Rω, slipping occurs, and kinetic friction 
must be considered.

ac = Rɑ Connecting linear acceleration of the center of mass to 
angular acceleration. This can also be taken as a 
condition in rolling without slipping.

Applies only when there is no slipping; otherwise, 
this relationship doesn't hold.

τ = Icɑ Determining angular acceleration given the net 
torque and moment of inertia.

Torque (τ) should be calculated about the center of 
mass � the point of contact, depending on the 
problem.

� = (Ic * ac) / R2 Calculating the static friction force necessary to 
prevent slipping during rolling.

Static friction adjusts to prevent slipping; it does not 
always reach its maximum value.

ac = (g sin θ) / (1 + Ic / MR2) Finding the linear acceleration of an object rolling 
down an incline at angle θ.

Depends on the object's moment of inertia; different 
shapes yield different accelerations.



Common Mistakes and Misconceptions
1.  Misconcept ion:  A cont inuous  force i s  needed to  keep  an object  moving.
    Clarif icat ion:  According to  Newton's  f irst  law,  an object  in  motion wil l  remain in  uniform motion 
unless  acted upon by  an external  force.  In  the  context  of  rol l ing  motion,  once  an object  i s  rol l ing  
without  s l ipping  on a frict ionless  surface,  i t  doesn' t  require  a  cont inuous  force to  maintain i t s  
mot ion.  Frict ional  forces,  however,  can cause  the  object  t o  eventual ly  come to  a  stop.  
.

2. Misconcept ion:  Heavier objects  rol l  down a s lope  faster  than l ighter ones.
    Clarif icat ion:  In  the  absence of  air  resistance  and other dissipat ive  forces,  al l  objects,  regardless  
of  mass,  experience  the  same accelerat ion due to  gravi ty  when rol l ing  down an incl ine.  The  
distr ibut ion of  mass  (moment  of  inert ia)  and the  shape of  the  object  inf luence  the  rol l ing  motion,  not  
the  mass  alone.  

3.  Misconcept ion:  Rol l ing  motion always  involves  frict ional  force.
    Clarif icat ion:  Whi le  frict ion i s  necessary  to  in i t iate  rol l ing  without  s l ipping,  a  rol l ing  object  
moving  at  constant  veloci ty  on a perfect ly  r igid surface  experiences  no  net  frict ional  force.  Frict ion 
acts  only  when there' s  re lat ive  motion � a tendency  f� such motion between surfaces.  
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Common Mistakes and Misconceptions
4. Misconcept ion:  The  point  of  contact  in  rol l ing  motion i s  s tat ionary.
     Clarif icat ion:  In  pure  rol l ing  motion without  s l ipping,  the  point  of  contact  between the  rol l ing  
object  and the  surface  i s  instantaneously  at  rest  relat ive  to  the  surface.  However,  due to  the  
object' s  rotat ion and translat ion,  this  point  changes  cont inuously.  

5.  Misconcept ion:  An object' s  rotat ional  and translat ional  speeds  are  independent.
     Clarif icat ion:  F� an object  rol l ing  without  s l ipping,  there' s  a  direct  relat ionship  between i t s  
translat ional  speed (v)  and angular speed (ω),  given by  v  =  ωR, where  R i s  the  radius.  This  
relat ionship  ensures  synchronized motion between rotat ion and translat ion.  

6.  Misconcept ion:  Rol l ing  objects  do  not  experience  energy loss.
     Clarif icat ion:  In  real-world scenari�, rol l ing  objects  encounter rol l ing  resistance  due to  
deformations  at  the  contact  point,  leading  to  energy dissipat ion and gradual  s lowing down. This  i s  
d ist inct  from kinet ic  frict ion and i s  inf luenced by  factors l ike  material  propert ies  and surface  
texture.  
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Common Mistakes and Misconceptions
7. Misconcept ion:  Stat ic  frict ion always  acts  t o  oppose motion.
     Clarif icat ion:  In  rol l ing  motion,  stat ic  frict ion doesn' t  oppose motion but  faci l i tates  rol l ing  
without  s l ipping  by  prevent ing  relat ive  motion at  the  point  of  contact.  I t s  d irect ion and magnitude 
adjust  to  maintain the  rol l ing  condit ion.  

8.  Misconcept ion:  The  normal force and gravi tat ional  force are  an act ion -react ion pair.
     Clarif icat ion:  According to  Newton's  th ird law,  act ion -react ion pairs  act  on different  objects.  
The  normal force acts  on the  rol l ing  object  due to  the  surface,  whi le  the  gravi tat ional  force acts  on 
the  object  due to  Earth' s  mass.  These  forces  are  not  an act ion -react ion pair  but  rather two forces  
act ing  on the  same object.  

9.  Objects  of  same shapes  rol l  in  the  same way? 
    Clarif icat ion:  Objects  of  same shape can have varying  moments  of  inert ia,  which affect  their  
rotat ional  accelerat ion.  F� instance,  a  sol id  sphere  and hol low sphere  of  the  same mass  and 
radius  wi l l  reach the  bottom of  an incl ine  at  different  t imes  due to  their  differing  moments  of  
inert ia.  The  object  with  the  smallest  moment  of  inert ia  wi l l  general ly  reach the  bottom f irst.  
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