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 What Is Physics?  
 

�  How the complicated motion of  a system of  
objects, such as a car or a ballerina, can be 
simplified if  we determine a special point of  the 
system - the center of  mass of  that system 











�  Center of  mass depends on the mass distribution  

















Chapter 9 
Center of  Mass and Linear Momentum 

9.01 Given the positions of  several particles along an axis or a 
plane, determine the location of  their center of  mass. 
 
9.02 Locate the center of  mass of  an extended, symmetric object 
by using the symmetry. 
 
9.03 For a two-dimensional or three-dimensional extended object 
with a uniform distribution of  mass, determine the center of  
mass by 
 
 (a) Mentally dividing the object into simple geometric 
figures, each of  which can be replaced by a particle at its center 
   
(b) Finding the center of  mass of  those particles. 



The Center of  Mass 
 

�  The center of  mass of  a system of  particles is the 
point that moves as though  

 

(1) all of  the system's mass were concentrated there 
and  

(2)  all external forces were applied there. 



Center of  Mass 

 

N-Particles in one dimension:  

✔ 





Example 1: 





Solid Bodies 

✔ 



Example 2: 





Example 3: 



Example 4-1: 



yCM = 0

xCM =
0⇥ ⇢⇡(2R)2 � (�R)⇥ ⇢⇡(R)2

⇢⇡(2R)2 � ⇢⇡(R)2
=

1

3
R



Example 4-2 

ycom = 0
ycom = 0

xcom = �0.27R



Example 5: 



Example 6: 



Example 7: 
�  Center of  mass of  semi circular wire: 



✔ 



Example 8: 

✔ 





Example 9: 



✔ 

xCM = (
2

3
a,

1

3
b)



Example 10: Center of  
mass of  hollow hemisphere 





Example 11: 

✔ 





Example 14-15: 

d =
h

3
(hollow) ✔ 







Example 16: 



9-2 NEWTON’S SECOND LAW FOR 
A SYSTEM OF PARTICLES 



9-2  Newton's Second law for a System of  
Particles   

�   The center of  mass of  a system of  particles having 
combined mass M  moves like an equivalent 
particle of  mass M  would move under the 
influence of  the net external force on the system. 



✔ 







9-3 Linear Momentum 

�  The time rate of  change of  the linear momentum of  a 
particle is equal to the net force acting on the particle. 

✔ 

✔ 



The Linear Momentum of  a 
System of  Particles 

✔ 



 Force and Momentum  
Conservation of  Linear momentum  

~Fnet = 0 ~P = ~con.If   ) ✔ 



✔ 



9-4 Collision and Impulse 

✔ 



Impulse Vector 



Average Impulse  

✔ 





Example: 

✔ 

✔ 



�  Example: 







Example: 





Example: 











9-5 Conservation of  Linear 
Momentum 

✔ 



Conservation of  Linear 
Momentum 

 

 

ü If  the component of  the net external force 
on a closed system is zero along an axis, 
then the component of  the linear 
momentum of  the system along that axis 
cannot change. 



Example: 







Collision  





9-6 Momentum and Kinetic 
Energy in Collisions 



Collisions  
�  Elastic Collision,  P and K are conserved  

�  Inelastic Collision, K is not conserved 

�  Completely Inelastic Collision, K is not 
conserved  

✔ 



Collisions in One Dimension 
�  Completely inelastic collision 

✔ 



Example: 





Elastic Collision  



✔ 

✔ 



�  Special cases: 



Example: 







Example: 
�  Velocity of  the Center of  Mass 



Example: 







Example: Newton Ball 
�  http://www.youtube.com/watch?

v=JadO3RuOJGU&feature=related 





Newton Ball 



Example: 





Example: 









9-8 Collisions in Two 
Dimensions 

✔ 

✔ 



Example: 



✔ 

✔ 

✔ 





9-9  Systems with Varying 
Mass 



                     Rocket  



 

 

 

 

                        Thrust  

dM

dt
= �R





Example: 



Example: 







Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Example: 



Take-Home: 

M

VfM , Vfm?


