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Last time

• perfectly inelastic collisions

• the ballistic pendulum

• 2D collisions



Overview

• center of mass

• finding the center of mass



Center of Mass

The center of mass of a system is the average position of the
system’s mass.

If the system is a point-like particle, the center of mass is just the
point-particle’s location.

We modeled many systems that were not point-like as if they were.
We pretended they were points located at their center of mass.

For translational motion, it is as if all of the system’s mass is
concentrated at that one point and all external forces are applied
at that point.



Center of Mass

The center of mass of a system is the average position of the
system’s mass.

If the system is a point-like particle, the center of mass is just the
point-particle’s location.

We modeled many systems that were not point-like as if they were.
We pretended they were points located at their center of mass.

For translational motion, it is as if all of the system’s mass is
concentrated at that one point and all external forces are applied
at that point.



Center of Mass

The center of mass of a system is the average position of the
system’s mass.

If the system is a point-like particle, the center of mass is just the
point-particle’s location.

We modeled many systems that were not point-like as if they were.
We pretended they were points located at their center of mass.

For translational motion, it is as if all of the system’s mass is
concentrated at that one point and all external forces are applied
at that point.



Center of Mass

The center of mass of a system is the average position of the
system’s mass.

If the system is a point-like particle, the center of mass is just the
point-particle’s location.

We modeled many systems that were not point-like as if they were.
We pretended they were points located at their center of mass.

For translational motion, it is as if all of the system’s mass is
concentrated at that one point and all external forces are applied
at that point.



Center of Mass

For translational motion, it is as if all of the system’s mass is
concentrated at that one point and all external forces are applied
at that point.

That model worked up until now, but we could not model
vibrations, rotations, or deformations.

The translational motion is independent of all these other
motions.
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Center of Mass

For a solid, rigid object:

center of mass

the point on an object where we can model all the mass as being,
in order to find the object’s trajectory; a freely moving object
rotates about this point

The center of mass of the wrench follows a straight line as the
wrench rotates about that point.



Center of Mass

1Figure from
http://www4.uwsp.edu/physastr/kmenning/Phys203/Lect18.html



Center of Mass

For that system of two particles:

xCM =
m1x1 +m2x2
m1 +m2
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is applied at the center of mass, the system moves in the direction of the force with-
out rotating (see Fig. 9.13c). The center of mass of an object can be located with 
this procedure.
 The center of mass of the pair of particles described in Figure 9.14 is located on 
the x axis and lies somewhere between the particles. Its x coordinate is given by

 xCM ;
m1x1 1 m2x2

m1 1 m2
 (9.28)

For example, if x1 5 0, x2 5 d, and m2 5 2m1, we find that xCM 5 2
3d. That is, the 

center of mass lies closer to the more massive particle. If the two masses are equal, 
the center of mass lies midway between the particles.
 We can extend this concept to a system of many particles with masses mi in three 
dimensions. The x coordinate of the center of mass of n particles is defined to be

 xCM ;
m1x1 1 m2x2 1 m3x3 1 c1 mnxn

m1 1 m2 1 m3 1 c1 mn
5

a
i

mixi

a
i

mi

5
a

i
mixi

M
5

1
M a

i
mixi 

  (9.29)

where xi is the x coordinate of the ith particle and the total mass is M ; oi mi where 
the sum runs over all n particles. The y and z coordinates of the center of mass are 
similarly defined by the equations

 yCM ;
1
M a

i
miyi and zCM ;

1
M a

i
mizi (9.30)

 The center of mass can be located in three dimensions by its position vector rSCM. 
The components of this vector are xCM, yCM, and zCM, defined in Equations 9.29 and 
9.30. Therefore,

 rSCM 5 xCM î 1 yCM  ĵ 1 zCM k̂ 5
1
M a

i
mixi î 1

1
M a

i
miyi  ĵ 1

1
M a

i
mizi k̂

 rSCM ;
1
M a

i
mi r

S
i (9.31)

where rSi is the position vector of the ith particle, defined by

rSi ; xi î 1 yi  ĵ 1 zi k̂

 Although locating the center of mass for an extended, continuous object is some-
what more cumbersome than locating the center of mass of a small number of par-
ticles, the basic ideas we have discussed still apply. Think of an extended object as a 
system containing a large number of small mass elements such as the cube in Figure 
9.15. Because the separation between elements is very small, the object can be con-
sidered to have a continuous mass distribution. By dividing the object into elements 
of mass Dmi with coordinates xi, yi, zi, we see that the x coordinate of the center of 
mass is approximately

xCM <
1
M

 a
i

xi Dmi

with similar expressions for yCM and zCM. If we let the number of elements n 
approach infinity, the size of each element approaches zero and xCM is given pre-
cisely. In this limit, we replace the sum by an integral and Dmi by the differential 
element dm:

 xCM 5 lim
Dmi S 0

 
1
M

 a
i

xi Dmi 5
1
M

 3  x dm (9.32)

Likewise, for yCM and zCM we obtain

 yCM 5
1
M

 3  y dm and zCM 5
1
M

 3  z dm (9.33)

CM

CM

CM

a

b

c

The system rotates clockwise 
when a force is applied 
above the center of mass. 

The system rotates counter-
clockwise when a force is applied 
below the center of mass. 

The system moves in the 
direction of the force without 
rotating when a force is applied 
at the center of mass.

Figure 9.13 A force is applied 
to a system of two particles of 
unequal mass connected by a 
light, rigid rod.

Figure 9.14 The center of mass 
of two particles of unequal mass 
on the x axis is located at xCM, a 
point between the particles, closer 
to the one having the larger mass.

y

m1

x1

x 2

CM

m 2

x

x CM



Center of Mass

For that system of two particles:

xCM =
m1x1 +m2x2
m1 +m2

For more particles in 1 dimension:

xCM =

∑
i mixi∑
i mi

or

xCM =
1

M

∑
i

mixi

where M is the total mass of all the particles in the system.



Center of Mass

This expression also gives us the x coordinate of the center of
mass when we have more dimensions.

xCM =
1

M

∑
i

mixi

Likewise for y :

yCM =
1

M

∑
i

miyi

and z :

zCM =
1

M

∑
i

mizi

where M is the total mass of all the particles in the system.



Center of Mass

Therefore, we can condense all three expressions into a single
vector expression.

#»r CM =
1

M

∑
i

mi
#»r i

where #»r i = xî i+ yî i+ zi
#»

k is the displacement of particle i from
the origin.



Example 9.10 - Three Particles in a plane

A system consists of three particles located as shown. Find the
center of mass of the system. The masses of the particles are
m1 = m2 = 1.0 kg and m3 = 2.0 kg.
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Example 9.10   The Center of Mass of Three Particles

A system consists of three particles located as shown in Figure 9.18. Find the cen-
ter of mass of the system. The masses of the particles are m1 5 m2 5 1.0 kg and 
m3 5 2.0 kg.

Conceptualize  Figure 9.18 shows the three 
masses. Your intuition should tell you that the 
center of mass is located somewhere in the 
region between the blue particle and the pair 
of tan particles as shown in the figure.

Categorize  We categorize this example as a 
substitution problem because we will be using the equations for the center of mass developed in this section.

S O L U T I O N

We can express the vector position of the center of mass of an extended object in 
the form

 rSCM 5
1
M

 3 rS dm (9.34)

which is equivalent to the three expressions given by Equations 9.32 and 9.33.
 The center of mass of any symmetric object of uniform density lies on an axis of 
symmetry and on any plane of symmetry. For example, the center of mass of a uni-
form rod lies in the rod, midway between its ends. The center of mass of a sphere or 
a cube lies at its geometric center.
 Because an extended object is a continuous distribution of mass, each small mass 
element is acted upon by the gravitational force. The net effect of all these forces is 
equivalent to the effect of a single force M gS acting through a special point, called 
the center of gravity. If gS is constant over the mass distribution, the center of grav-
ity coincides with the center of mass. If an extended object is pivoted at its center of 
gravity, it balances in any orientation.
 The center of gravity of an irregularly shaped object such as a wrench can be 
determined by suspending the object first from one point and then from another. 
In Figure 9.16, a wrench is hung from point A and a vertical line AB (which can be 
established with a plumb bob) is drawn when the wrench has stopped swinging. 
The wrench is then hung from point C, and a second vertical line CD is drawn. The 
center of gravity is halfway through the thickness of the wrench, under the intersec-
tion of these two lines. In general, if the wrench is hung freely from any point, the 
vertical line through this point must pass through the center of gravity.

Q uick Quiz 9.7  A baseball bat of uniform density is cut at the location of its cen-
ter of mass as shown in Figure 9.17. Which piece has the smaller mass? (a) the 
piece on the right (b) the piece on the left (c) both pieces have the same mass 
(d) impossible to determine

Figure 9.17  (Quick 
Quiz 9.7) A baseball bat 
cut at the location of its 
center of mass.

rCM
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Figure 9.18  (Example 9.10) Two 
particles are located on the x axis, 
and a single particle is located on 
the y axis as shown. The vector indi-
cates the location of the system’s 
center of mass.

continued
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An extended object can be 
considered to be a distribution 
of small elements of mass !mi .

Figure 9.15  The center of mass 
is located at the vector position 
r
S

CM, which has coordinates xCM, 
yCM, and zCM.

A
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D

The wrench is hung 
freely first from point A 
and then from point C.

The intersection of 
the two lines AB 
and CD locates the 
center of gravity.

A

B

Figure 9.16  An experimental 
technique for determining the 
center of gravity of a wrench.

1Serway & Jewett, page 269.



Example 9.10

2 dimensions: can find the x and y coordinates of the center of
mass separately.

Total mass, M = 2(1.0 kg) + 2.0 kg = 4 kg.
x-direction:

xCM =
1

M

∑
i

mixi

=
1

M
(m1x1 +m2x2 +m3x3)

=
1

4
(1× 1 + 1× 2 + 2× 0)

= 0.75 m



Example 9.10

x-direction: xCM = 0.75 m

y -direction:

yCM =
1

M

∑
i

miyi

=
1

M
(m1y1 +m2y2 +m3y3)

=
1

4
(1× 0 + 1× 0 + 2× 2)

= 1.0 m

Putting both components together:

#»r CM = (0.75 î+ 1.0 ĵ) m



Example 9.10

x-direction: xCM = 0.75 m

y -direction:

yCM =
1

M

∑
i

miyi

=
1

M
(m1y1 +m2y2 +m3y3)

=
1

4
(1× 0 + 1× 0 + 2× 2)

= 1.0 m

Putting both components together:

#»r CM = (0.75 î+ 1.0 ĵ) m



Center of Mass

For discrete particles the center of mass is the average point of the
mass:

#»r CM =
1

M

∑
i

mi
#»r i

What if we have a solid object?



Continuous mass distribution

On a microscopic scale we don’t really believe mass is continuously
distributed. (Atoms, etc.!)

However, on a macroscopic scale it sure seems like it is, and it’s a
very good approximation. It is also much easier than trying to
describe every last atom / subatomic particle in a solid.

We need to revise our previous center of mass (CM) definition to
suit this case:

#»r CM = lim
∆mi→0

1

M

∑
i

#»r i ∆mi

#»r CM =
1

M

∫
#»r dm



Continuous mass distribution

#»r CM =
1

M

∫
#»r dm
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Example 9.10   The Center of Mass of Three Particles

A system consists of three particles located as shown in Figure 9.18. Find the cen-
ter of mass of the system. The masses of the particles are m1 5 m2 5 1.0 kg and 
m3 5 2.0 kg.

Conceptualize  Figure 9.18 shows the three 
masses. Your intuition should tell you that the 
center of mass is located somewhere in the 
region between the blue particle and the pair 
of tan particles as shown in the figure.

Categorize  We categorize this example as a 
substitution problem because we will be using the equations for the center of mass developed in this section.
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We can express the vector position of the center of mass of an extended object in 
the form

 rSCM 5
1
M

 3 rS dm (9.34)

which is equivalent to the three expressions given by Equations 9.32 and 9.33.
 The center of mass of any symmetric object of uniform density lies on an axis of 
symmetry and on any plane of symmetry. For example, the center of mass of a uni-
form rod lies in the rod, midway between its ends. The center of mass of a sphere or 
a cube lies at its geometric center.
 Because an extended object is a continuous distribution of mass, each small mass 
element is acted upon by the gravitational force. The net effect of all these forces is 
equivalent to the effect of a single force M gS acting through a special point, called 
the center of gravity. If gS is constant over the mass distribution, the center of grav-
ity coincides with the center of mass. If an extended object is pivoted at its center of 
gravity, it balances in any orientation.
 The center of gravity of an irregularly shaped object such as a wrench can be 
determined by suspending the object first from one point and then from another. 
In Figure 9.16, a wrench is hung from point A and a vertical line AB (which can be 
established with a plumb bob) is drawn when the wrench has stopped swinging. 
The wrench is then hung from point C, and a second vertical line CD is drawn. The 
center of gravity is halfway through the thickness of the wrench, under the intersec-
tion of these two lines. In general, if the wrench is hung freely from any point, the 
vertical line through this point must pass through the center of gravity.
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Discrete vs Continuous mass distribution

Center of mass of a rod of uniform density.

Density, ρ = M
V , is mass per unit volume. Here however, we will

consider a rod that can be treated as 1 dimensional.

We need the mass per unit length: λ = M
L .

270 Chapter 9 Linear Momentum and Collisions

Use the defining equations for 
the coordinates of the center of 
mass and notice that zCM 5 0:

xCM 5
1
M a

i
mixi 5

m1x1 1 m2x2 1 m3x3

m1 1 m2 1 m3

5
11.0 kg 2 11.0 m 2 1 11.0 kg 2 12.0 m 2 1 12.0 kg 2 10 2

1.0 kg 1 1.0 kg 1 2.0 kg
5

3.0 kg # m
4.0 kg

5 0.75 m

yCM 5
1
M a

i
mi yi 5

m1y1 1 m2y2 1 m3y3

m1 1 m2 1 m3

5
11.0 kg 2 10 2 1 11.0 kg 2 10 2 1 12.0 kg 2 12.0 m 2

4.0 kg
5

4.0 kg # m
4.0 kg

5 1.0 m

Write the position vector of the 
center of mass:

rSCM ; xCM î 1 yCM  ĵ 5 10.75 î 1 1.0 ĵ 2  m
Example 9.11   The Center of Mass of a Rod

(A) Show that the center of mass of a rod of mass M and length L lies midway 
between its ends, assuming the rod has a uniform mass per unit length.

Conceptualize The rod is shown aligned along the x axis in Figure 9.19, so yCM 5  
zCM 5 0. What is your prediction of the value of xCM?

Categorize  We categorize this example as an analysis problem because we need 
to divide the rod into small mass elements to perform the integration in Equa-
tion 9.32.

Analyze  The mass per unit length (this quantity is called the linear mass density) can be written as l 5 M/L for the uni-
form rod. If the rod is divided into elements of length dx, the mass of each element is dm 5 l dx.

S O L U T I O N

x

dm = l dx
y

dx

x

L

Figure 9.19  (Example 9.11) The 
geometry used to find the center 
of mass of a uniform rod.

Use Equation 9.32 to find an expression for xCM: xCM 5
1
M

  3 x dm 5
1
M

  3
L

0
 xl dx 5

l

M
  

x2

2
`L
0

5
lL2

2M

Substitute l 5 M/L: xCM 5
L2

2M
aM

L
b 5 1

2 L

One can also use symmetry arguments to obtain the same result.

(B)  Suppose a rod is nonuniform such that its mass per unit length varies linearly with x according to the expression  
l 5 ax, where a is a constant. Find the x coordinate of the center of mass as a fraction of L.

Conceptualize Because the mass per unit length is not constant in this case but is proportional to x, elements of the 
rod to the right are more massive than elements near the left end of the rod.

Categorize This problem is categorized similarly to part (A), with the added twist that the linear mass density is not 
constant.

Analyze  In this case, we replace dm in Equation 9.32 by l dx, where l 5 ax.

S O L U T I O N

Use Equation 9.32 to find an expression for xCM: xCM 5
1
M

  3 x dm 5
1
M

  3
L

0
  xl dx 5

1
M

  3
L

0
  xax dx

5
a

M
  3

L

0
 x2 dx 5

aL3

3M

 

▸ 9.10 c o n t i n u e d

Where is the center of mass?
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Use the defining equations for 
the coordinates of the center of 
mass and notice that zCM 5 0:
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M a
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M a

i
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Example 9.11   The Center of Mass of a Rod

(A) Show that the center of mass of a rod of mass M and length L lies midway 
between its ends, assuming the rod has a uniform mass per unit length.

Conceptualize The rod is shown aligned along the x axis in Figure 9.19, so yCM 5  
zCM 5 0. What is your prediction of the value of xCM?

Categorize  We categorize this example as an analysis problem because we need 
to divide the rod into small mass elements to perform the integration in Equa-
tion 9.32.

Analyze  The mass per unit length (this quantity is called the linear mass density) can be written as l 5 M/L for the uni-
form rod. If the rod is divided into elements of length dx, the mass of each element is dm 5 l dx.

S O L U T I O N

x
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y
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x

L

Figure 9.19  (Example 9.11) The 
geometry used to find the center 
of mass of a uniform rod.

Use Equation 9.32 to find an expression for xCM: xCM 5
1
M

  3 x dm 5
1
M

  3
L

0
 xl dx 5

l

M
  

x2

2
`L
0

5
lL2

2M

Substitute l 5 M/L: xCM 5
L2

2M
aM

L
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2 L

One can also use symmetry arguments to obtain the same result.

(B)  Suppose a rod is nonuniform such that its mass per unit length varies linearly with x according to the expression  
l 5 ax, where a is a constant. Find the x coordinate of the center of mass as a fraction of L.

Conceptualize Because the mass per unit length is not constant in this case but is proportional to x, elements of the 
rod to the right are more massive than elements near the left end of the rod.

Categorize This problem is categorized similarly to part (A), with the added twist that the linear mass density is not 
constant.

Analyze  In this case, we replace dm in Equation 9.32 by l dx, where l 5 ax.

S O L U T I O N

Use Equation 9.32 to find an expression for xCM: xCM 5
1
M

  3 x dm 5
1
M

  3
L

0
  xl dx 5

1
M

  3
L

0
  xax dx

5
a

M
  3

L

0
 x2 dx 5

aL3

3M

 

▸ 9.10 c o n t i n u e d

Where is the center of mass?



Discrete vs Continuous mass distribution

How to do the calculation:

xCM =
1

M

∫
x dm

=
1

M

∫
x dm

Observe that dm = λ dx:

xCM =
1

M

∫
x(λ dx)

=
1

M
λ

∫L
0
x dx



Discrete vs Continuous mass distribution

Observe that dm = λ dx:

xCM =
1

M

∫
x(λ dx)

=
1

M
λ

∫L
0
x dx

=
1

M
λ

(
L2

2
− 0

)
=

1

M

(
M

L

)
L2

2

=
L

2

In this case (uniform density) the center of mass is at the center of
the rod.



Discrete vs Continuous mass distribution

Observe that dm = λ dx:

xCM =
1

M

∫
x(λ dx)

=
1

M
λ

∫L
0
x dx

=
1

M
λ

(
L2

2
− 0

)
=

1

M

(
M

L

)
L2

2

=
L

2

In this case (uniform density) the center of mass is at the center of
the rod.



Center of Mass Intuition Question

Quick Quiz 9.71 A baseball bat of uniform density is cut at the
location of its center of mass as shown. Which piece has the
smaller mass?
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Example 9.10   The Center of Mass of Three Particles

A system consists of three particles located as shown in Figure 9.18. Find the cen-
ter of mass of the system. The masses of the particles are m1 5 m2 5 1.0 kg and 
m3 5 2.0 kg.

Conceptualize  Figure 9.18 shows the three 
masses. Your intuition should tell you that the 
center of mass is located somewhere in the 
region between the blue particle and the pair 
of tan particles as shown in the figure.

Categorize  We categorize this example as a 
substitution problem because we will be using the equations for the center of mass developed in this section.

S O L U T I O N

We can express the vector position of the center of mass of an extended object in 
the form

 rSCM 5
1
M

 3 rS dm (9.34)

which is equivalent to the three expressions given by Equations 9.32 and 9.33.
 The center of mass of any symmetric object of uniform density lies on an axis of 
symmetry and on any plane of symmetry. For example, the center of mass of a uni-
form rod lies in the rod, midway between its ends. The center of mass of a sphere or 
a cube lies at its geometric center.
 Because an extended object is a continuous distribution of mass, each small mass 
element is acted upon by the gravitational force. The net effect of all these forces is 
equivalent to the effect of a single force M gS acting through a special point, called 
the center of gravity. If gS is constant over the mass distribution, the center of grav-
ity coincides with the center of mass. If an extended object is pivoted at its center of 
gravity, it balances in any orientation.
 The center of gravity of an irregularly shaped object such as a wrench can be 
determined by suspending the object first from one point and then from another. 
In Figure 9.16, a wrench is hung from point A and a vertical line AB (which can be 
established with a plumb bob) is drawn when the wrench has stopped swinging. 
The wrench is then hung from point C, and a second vertical line CD is drawn. The 
center of gravity is halfway through the thickness of the wrench, under the intersec-
tion of these two lines. In general, if the wrench is hung freely from any point, the 
vertical line through this point must pass through the center of gravity.

Q uick Quiz 9.7  A baseball bat of uniform density is cut at the location of its cen-
ter of mass as shown in Figure 9.17. Which piece has the smaller mass? (a) the 
piece on the right (b) the piece on the left (c) both pieces have the same mass 
(d) impossible to determine

Figure 9.17  (Quick 
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cut at the location of its 
center of mass.
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Figure 9.18  (Example 9.10) Two 
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center of gravity of a wrench.

(A) the piece on the right
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(C) both pieces have the same mass

(D) impossible to determine

1Serway & Jewett, page 269.



Center of Mass Intuition Question

Quick Quiz 9.71 A baseball bat of uniform density is cut at the
location of its center of mass as shown. Which piece has the
smaller mass?

 9.6 The Center of Mass 269

Example 9.10   The Center of Mass of Three Particles
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S O L U T I O N
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 rSCM 5
1
M

 3 rS dm (9.34)
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 The center of gravity of an irregularly shaped object such as a wrench can be 
determined by suspending the object first from one point and then from another. 
In Figure 9.16, a wrench is hung from point A and a vertical line AB (which can be 
established with a plumb bob) is drawn when the wrench has stopped swinging. 
The wrench is then hung from point C, and a second vertical line CD is drawn. The 
center of gravity is halfway through the thickness of the wrench, under the intersec-
tion of these two lines. In general, if the wrench is hung freely from any point, the 
vertical line through this point must pass through the center of gravity.

Q uick Quiz 9.7  A baseball bat of uniform density is cut at the location of its cen-
ter of mass as shown in Figure 9.17. Which piece has the smaller mass? (a) the 
piece on the right (b) the piece on the left (c) both pieces have the same mass 
(d) impossible to determine

Figure 9.17  (Quick 
Quiz 9.7) A baseball bat 
cut at the location of its 
center of mass.

rCM
S 

2

0
21

1

3

y (m)

x (m)
3

m1 m2

m3

Figure 9.18  (Example 9.10) Two 
particles are located on the x axis, 
and a single particle is located on 
the y axis as shown. The vector indi-
cates the location of the system’s 
center of mass.

continued

y

x

z

ri
S

rCM
S

CM
!mi

An extended object can be 
considered to be a distribution 
of small elements of mass !mi .

Figure 9.15  The center of mass 
is located at the vector position 
r
S

CM, which has coordinates xCM, 
yCM, and zCM.

A
B

C

D

The wrench is hung 
freely first from point A 
and then from point C.

The intersection of 
the two lines AB 
and CD locates the 
center of gravity.

A

B

Figure 9.16  An experimental 
technique for determining the 
center of gravity of a wrench.

(A) the piece on the right

(B) the piece on the left ←
(C) both pieces have the same mass

(D) impossible to determine

1Serway & Jewett, page 269.



Center of Mass of Continuous Objects
In solid objects, it is possible to calculate the center of mass by
evaluating integrals.

However, we can use symmetry arguments to find the position of
the center of mass in many cases.

(Ideally) this meterstick has reflection symmetry through the
50 cm mark. That transformation must not change the location of
the CM.

x



Center of Mass of Continuous Objects

If an object is made up of several different regular shapes, you can
find the center of mass by treating each part as point mass at the
center of mass of that shape.
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••5 What are (a) the x coordinate and (b) the y coordinate of the
center of mass for the uniform plate shown in Fig. 9-38 if L 5.0 cm?!
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Fig. 9-38 Problem 5.

sec. 9-2 The Center of Mass
•1 A 2.00 kg particle has the xy coordinates ("1.20 m, 0.500 m),
and a 4.00 kg particle has the xy coordinates (0.600 m, "0.750 m).
Both lie on a horizontal plane. At what (a) x and (b) y coordinates
must you place a 3.00 kg particle such that the center of mass of the
three-particle system has the coordinates ("0.500 m, "0.700 m)?

•2 Figure 9-35 shows a three-
particle system, with masses m1 !
3.0 kg, m2 ! 4.0 kg, and m3 ! 8.0
kg. The scales on the axes are set
by xs ! 2.0 m and ys ! 2.0 m.
What are (a) the x coordinate and
(b) the y coordinate of the sys-
tem’s center of mass? (c) If m3 is
gradually increased, does the cen-
ter of mass of the system shift to-
ward or away from that particle, or does it remain stationary?

••3 Figure 9-36 shows a  slab with dimensions d1 ! 11.0 cm,
d2 ! 2.80 cm, and d3 ! 13.0 cm. Half the slab consists of alu-
minum (density ! 2.70 g/cm3) and half consists of iron (density !
7.85 g/cm3).What are (a) the x coordinate, (b) the y coordinate, and
(c) the z coordinate of the slab’s center of mass?
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0 xs

m1

m3

m2

Fig. 9-35 Problem 2.

••4 In Fig. 9-37, three uniform thin rods, each of length L ! 22
cm, form an inverted U. The vertical rods each have a mass of 14 g;
the horizontal rod has a mass of 42 g.What are (a) the x coordinate
and (b) the y coordinate of the system’s center of mass?
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Fig. 9-37 Problem 4.

••6 Figure 9-39 shows a cubical box that has been constructed
from uniform metal plate of negligible thickness. The box is open
at the top and has edge length L ! 40 cm. Find (a) the x coordi-
nate, (b) the y coordinate, and (c) the z coordinate of the center of
mass of the box.

L
O y

x

z

Fig. 9-39 Problem 6.

•••7 In the ammonia (NH3) molecule of Fig. 9-40, three
hydrogen (H) atoms form an equilateral triangle, with the center
of the triangle at distance d ! 9.40 # 10"11 m from each hydrogen
atom. The nitrogen (N) atom is at the apex of a pyramid, with the
three hydrogen atoms forming the base. The nitrogen-to-hydrogen
atomic mass ratio is 13.9, and the nitrogen-to-hydrogen distance is
L ! 10.14 # 10"11 m. What are the (a) x and (b) y coordinates of
the molecule’s center of mass?
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Tutoring problem available (at instructor’s discretion) in WileyPLUS and WebAssign

SSM Worked-out solution available in Student Solutions Manual      

• – ••• Number of dots indicates level of problem difficulty

Additional information available in The Flying Circus of Physics and at flyingcircusofphysics.com

WWW Worked-out solution is at

ILW Interactive solution is at 
http://www.wiley.com/college/halliday
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Center of Mass of Continuous Objects

If an object is made up of several different regular shapes, you can
find the center of mass by treating each part as point mass at the
center of mass of that shape.
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Both lie on a horizontal plane. At what (a) x and (b) y coordinates
must you place a 3.00 kg particle such that the center of mass of the
three-particle system has the coordinates ("0.500 m, "0.700 m)?

•2 Figure 9-35 shows a three-
particle system, with masses m1 !
3.0 kg, m2 ! 4.0 kg, and m3 ! 8.0
kg. The scales on the axes are set
by xs ! 2.0 m and ys ! 2.0 m.
What are (a) the x coordinate and
(b) the y coordinate of the sys-
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gradually increased, does the cen-
ter of mass of the system shift to-
ward or away from that particle, or does it remain stationary?

••3 Figure 9-36 shows a  slab with dimensions d1 ! 11.0 cm,
d2 ! 2.80 cm, and d3 ! 13.0 cm. Half the slab consists of alu-
minum (density ! 2.70 g/cm3) and half consists of iron (density !
7.85 g/cm3).What are (a) the x coordinate, (b) the y coordinate, and
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••4 In Fig. 9-37, three uniform thin rods, each of length L ! 22
cm, form an inverted U. The vertical rods each have a mass of 14 g;
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••6 Figure 9-39 shows a cubical box that has been constructed
from uniform metal plate of negligible thickness. The box is open
at the top and has edge length L ! 40 cm. Find (a) the x coordi-
nate, (b) the y coordinate, and (c) the z coordinate of the center of
mass of the box.
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•••7 In the ammonia (NH3) molecule of Fig. 9-40, three
hydrogen (H) atoms form an equilateral triangle, with the center
of the triangle at distance d ! 9.40 # 10"11 m from each hydrogen
atom. The nitrogen (N) atom is at the apex of a pyramid, with the
three hydrogen atoms forming the base. The nitrogen-to-hydrogen
atomic mass ratio is 13.9, and the nitrogen-to-hydrogen distance is
L ! 10.14 # 10"11 m. What are the (a) x and (b) y coordinates of
the molecule’s center of mass?

ILW

Tutoring problem available (at instructor’s discretion) in WileyPLUS and WebAssign

SSM Worked-out solution available in Student Solutions Manual      

• – ••• Number of dots indicates level of problem difficulty

Additional information available in The Flying Circus of Physics and at flyingcircusofphysics.com

WWW Worked-out solution is at

ILW Interactive solution is at 
http://www.wiley.com/college/halliday

halliday_c09_201-240v2.qxd  4-09-2009  17:13  Page 230

x CM 1

x CM 2

x ← CM 3



Center of Mass of Continuous Objects

If an object is made up of several different regular shapes, you can
find the center of mass by treating each part as point mass at the
center of mass of that shape.
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sec. 9-2 The Center of Mass
•1 A 2.00 kg particle has the xy coordinates ("1.20 m, 0.500 m),
and a 4.00 kg particle has the xy coordinates (0.600 m, "0.750 m).
Both lie on a horizontal plane. At what (a) x and (b) y coordinates
must you place a 3.00 kg particle such that the center of mass of the
three-particle system has the coordinates ("0.500 m, "0.700 m)?

•2 Figure 9-35 shows a three-
particle system, with masses m1 !
3.0 kg, m2 ! 4.0 kg, and m3 ! 8.0
kg. The scales on the axes are set
by xs ! 2.0 m and ys ! 2.0 m.
What are (a) the x coordinate and
(b) the y coordinate of the sys-
tem’s center of mass? (c) If m3 is
gradually increased, does the cen-
ter of mass of the system shift to-
ward or away from that particle, or does it remain stationary?

••3 Figure 9-36 shows a  slab with dimensions d1 ! 11.0 cm,
d2 ! 2.80 cm, and d3 ! 13.0 cm. Half the slab consists of alu-
minum (density ! 2.70 g/cm3) and half consists of iron (density !
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atomic mass ratio is 13.9, and the nitrogen-to-hydrogen distance is
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Center of Mass of Continuous Objects

Suppose this 2-D object, plate P, has uniform mass-per-unit-area.

How can we find its center of mass without integrating?

2059-2 TH E CE NTE R OF MASS
PART 1
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The com of the composite
plate is the same as the
com of the two pieces.

Plate P

2R

R

y

x

y

y

x

comP

comC

comS

Disk S

Composite plate
       C = S + P

(a)

(b)

(c)

(d) x
comPcomCcomS

Disk particle Plate particle

Assume the plate's
mass is concentrated
as a particle at the
plate's center of mass.

Here too, assume the
mass is concentrated
as a particle at the
center of mass.

Here too.

Here are those
three particles.

Fig. 9-3 (a) Plate P is a metal plate of
radius 2 R,with a circular hole of radius R.
The center of mass of P is at point comP.
(b) Disk S. (c) Disk S has been put back
into place to form a composite plate C.
The center of mass comS of disk S and the
center of mass comC of plate C are shown.
(d) The center of mass comS!P of the com-
bination of S and P coincides with comC,
which is at x " 0.
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Summary

• center of mass

Quiz on Friday.

(Uncollected) Homework Serway & Jewett,

• Ch 9, onward from page 288. Probs: 45, 49, 48

• Read Chapter 9, if you haven’t already.


