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Linear Momentum and Collisions
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Center Of Mass

Lecture 04
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There is a special point in a system or object, called the center of mass, that moves 
as if all of the mass of the system is concentrated at that point.
The system will move as if an external force were applied to a single particle of mass 
M located at the center of mass.

M is the total mass of the system.
This behavior is independent of other motion, such as rotation or vibration, or 
deformation of the system.

This is the particle model.
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The Center of Mass

Center of Mass, Coordinates
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The coordinates of the center of mass  
are

𝑋௖௢௠ =
∑ 𝑚௜𝑥௜௜

𝑀
=

𝑚ଵ𝑥ଵ + 𝑚ଶ𝑥ଶ + ⋯

𝑚ଵ + 𝑚ଶ + ⋯

𝑌௖௢௠ =
∑ 𝑚௜𝑦௜௜

𝑀
=

𝑚ଵ𝑦ଵ + 𝑚ଶ𝑦ଶ + ⋯

𝑚ଵ + 𝑚ଶ + ⋯

𝑍௖௢௠ =
∑ 𝑚௜𝑧௜௜

𝑀
=

𝑚ଵ𝑧ଵ + 𝑚ଶ𝑧ଶ + ⋯

𝑚ଵ + 𝑚ଶ + ⋯

M is the total mass of the system.
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Center of Mass, position
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• 𝑟௖௢௠ = 𝑋௖௢௠𝚤̂ + 𝑌௖௢௠𝚥̂ + 𝑍௖௢௠𝑘෠

For a system of particles, the center of 
mass in three dimensions can be located 

by its position vector, 𝑟௖௢௠ . 

Motion of a System of Particles

Assume the total mass, M, of the system remains constant.

We can describe the motion of the system in terms of the velocity and 

acceleration of the center of mass of the system.

We can also describe the momentum of the system and Newton’s Second Law for 

the system.
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Velocity and Momentum of a System of Particles
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• 𝑣⃗௖௢௠ =
∑ ௠೔௩೔೔

ெ
=

௠భ௩భା௠మ௩మା⋯

௠భା௠మା⋯

The velocity of the center of 
mass of a system of particles 

is:

• 𝑀𝑣⃗௖௢௠ = ∑ 𝑚௜𝑣⃗௜௜ = 𝑚ଵ𝑣⃗ଵ + 𝑚ଶ𝑣⃗ଶ + ⋯ = 𝑝௧௢௧

The momentum can be 
expressed as:

The total linear momentum of the system equals the total mass multiplied by the 
velocity of the center of mass.

Acceleration and Force in a System of Particles
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• 𝑎⃗௖௢௠ =
∑ ௠೔௔೔೔

ெ
=

௠భ௔భା௠మ௔మା⋯

௠భା௠మା⋯

The acceleration of the center of 
mass can be found by 

differentiating the velocity with 
respect to time.

• 𝑀𝑎⃗௖௢௠ = 𝑚ଵ𝑎⃗ଵ + 𝑚ଶ𝑎⃗ଶ + ⋯ = 𝐹⃗ଵ + 𝐹⃗ଶ + ⋯
The acceleration can be related to 

a force.

If we sum over all the internal force vectors, they cancel in pairs and the net force 
on the system is caused only by the external forces.
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Newton’s Second Law for a System of Particles
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Since the only forces are external, the net external force equals the total mass of the 

system multiplied by the acceleration of the center of mass:

෍ 𝐹⃗௘௫௧ = 𝑀𝑎⃗௖௢௠

The center of mass of a system of particles of combined mass M moves like an 

equivalent particle of mass M would move under the influence of the net external 

force on the system.

Impulse and Momentum of a System of Particles

The impulse imparted to the system by external forces is

න ෍ 𝐹⃗௘௫௧ 𝑑𝑡 = 𝑀 න 𝑑𝑣௖௢௠

∆𝑝௧௢௧ = 𝐼

The total linear momentum of a system of particles is conserved if no net external 
force is acting on the system.

𝑀𝑣⃗௖௢௠ = 𝑝௧௢௧௔௟ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑤ℎ𝑒𝑛 ෍ 𝐹⃗௘௫௧ = 0

For an isolated system of particles, both the total momentum and the velocity of 
the center of mass are constant in time.
 This is a generalization of the isolated system (momentum) model for a many-

particle system.
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A system consists of three particles located as shown. Find the center of mass of the system. 
The masses of the particles are 𝑚ଵ = 𝑚ଶ = 1 𝑘𝑔 and 𝑚ଷ = 2 𝑘𝑔.
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A rocket is fired vertically upward. At the instant it reaches an altitude of 1000 𝑚 and a speed of 𝑣௜ = 300 𝑚 𝑠⁄ it explodes 
into three fragments having equal mass. One fragment moves upward with a speed of 𝑣ଵ = 450 𝑚 𝑠⁄ following the explosion. 
The second fragment has a speed of 𝑣ଶ = 240 𝑚 𝑠⁄ and is moving east right after the explosion. What is the velocity of the 
third fragment immediately after the explosion?
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Three particles are initially at rest. Each experiences an 
external force due to bodies outside the three-particle 
system. The three forces are: 𝐹⃗ଵ = 6 𝑁, 180° , 𝐹⃗ଶ = 12 𝑁, 45°

and 𝐹⃗ଷ = 14 𝑁, 0°.What is the acceleration of the center of 
mass of the system, and in what direction does it move?
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