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Last time

• objects moving together

• pulleys

• Atwood machines



Overview

• friction



Friction

friction

The force caused by small-scale roughness of surfaces or even
electrostatic attractions between surfaces. It dissipates energy and
resists motion.

Friction opposes the motion of one surface relative the other.



Friction

Kinetic friction is the friction force that acts on moving objects. It
is given by:

fk = µk |
#»n | = µkn

Static friction is the friction force that acts on objects that are at
rest:

fs 6 µsn fs 6 fs,max

fs,max = µsn



Friction
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Answer If u 5 90°, the inclined plane becomes vertical and there is no interaction between its surface and m2. There-
fore, this problem becomes the Atwood machine of Example 5.9. Letting u S 90° in Equations (5) and (6) causes 
them to reduce to Equations (3) and (4) of Example 5.9!

What if m1 5 0?

Answer If m1 5 0, then m2 is simply sliding down an inclined plane without interacting with m1 through the string. 
Therefore, this problem becomes the sliding car problem in Example 5.6. Letting m1 S 0 in Equation (5) causes it to 
reduce to Equation (3) of Example 5.6!

WHAT IF ?

5.8 Forces of Friction
When an object is in motion either on a surface or in a viscous medium such as air 
or water, there is resistance to the motion because the object interacts with its sur-
roundings. We call such resistance a force of friction. Forces of friction are very 
important in our everyday lives. They allow us to walk or run and are necessary for 
the motion of wheeled vehicles.
 Imagine that you are working in your garden and have filled a trash can with 
yard clippings. You then try to drag the trash can across the surface of your concrete 
patio as in Figure 5.16a. This surface is real, not an idealized, frictionless surface.  
If we apply an external horizontal force F

S
 to the trash can, acting to the right, 

the trash can remains stationary when F
S

 is small. The force on the trash can that 
counteracts F

S
 and keeps it from moving acts toward the left and is called the  
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For small applied 
forces, the magnitude 
of the force of static 
friction equals the 
magnitude of the 
applied force.

When the magnitude of 
the applied force 
exceeds the magnitude 
of the maximum force of 
static friction, the trash 
can breaks free and 
accelerates to the right.

Figure 5.16 (a) and (b) When 
pulling on a trash can, the direc-
tion of the force of friction f

S
 

between the can and a rough sur-
face is opposite the direction of 
the applied force F

S
. (c) A graph of 

friction force versus applied force. 
Notice that fs,max . fk.

 

▸ 5.10 c o n t i n u e d



Friction Example

According to the textbook, for waxed wood on wet snow µs = 0.14
and µk = 0.1. You pull on a sled of mass 10 kg that is at rest
initially. How much force do you need to apply to get the sled
moving? If you continue to apply that force, what will the
magnitude of sled’s acceleration be once it is moving?

To get the sled moving Fapp > fs

fs = µsn

= (0.14)(10 kg)g

= 13.7 N
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Friction Example

According to the textbook, for waxed wood on wet snow µs = 0.14
and µk = 0.1. You pull on a sled of mass 10 kg that is at rest
initially.

If you continue to apply that force, what will the magnitude of
sled’s acceleration be once it is moving?

Fnet,x = max

Fapp − fk = ma

Fapp − µkn = ma

Fapp − µkmg = ma

a =
Fapp
m

− µkg

= 0.39 ms−2
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Friction Question

Quick Quiz 5.7.1 You are playing with
your daughter in the snow. She sits on
a sled and asks you to slide her across a
flat, horizontal field. You have a choice
of:

(A) pushing her from behind by
applying a force downward on her
shoulders at 30◦ below the horizontal or

(B) attaching a rope to the front of the
sled and pulling with a force at 30◦

above the horizontal.

Which would be easier for you and why?
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Example 5.11   Experimental Determination of Ms and Mk 

The following is a simple method of measuring coefficients of friction. Suppose 
a block is placed on a rough surface inclined relative to the horizontal as shown 
in Figure 5.18. The incline angle is increased until the block starts to move. Show 
that you can obtain ms by measuring the critical angle uc at which this slipping just 
occurs.

Conceptualize Consider Figure 5.18 and imagine that the block tends to slide 
down the incline due to the gravitational force. To simulate the situation, place 
a coin on this book’s cover and tilt the book until the coin begins to slide. Notice 
how this example differs from Example 5.6. When there is no friction on an 
incline, any angle of the incline will cause a stationary object to begin moving. 
When there is friction, however, there is no movement of the object for angles less 
than the critical angle.

Categorize The block is subject to various forces. Because we are raising the 
plane to the angle at which the block is just ready to begin to move but is not mov-
ing, we categorize the block as a particle in equilibrium.

Analyze The diagram in Figure 5.18 shows the forces on the block: the gravitational force mgS, the normal force nS, and 
the force of static friction f

S
s . We choose x to be parallel to the plane and y perpendicular to it.

AM

S O L U T I O N

From the particle in equilibrium model, apply Equation 5.8 
to the block in both the x and y directions:

(1)   o Fx 5 mg sin u 2 fs 5 0

(2)   o Fy 5 n 2 mg cos u 5 0

Q uick Quiz 5.6 You press your physics textbook flat against a vertical wall with 
your hand. What is the direction of the friction force exerted by the wall on the 
book? (a) downward (b) upward (c) out from the wall (d) into the wall

Q uick Quiz 5.7 You are playing with your daughter in the snow. She sits on  
a sled and asks you to slide her across a flat, horizontal field. You have a  
choice of (a) pushing her from behind by applying a force downward on her 
shoulders at 30° below the horizontal (Fig. 5.17a) or (b) attaching a rope to  
the front of the sled and pulling with a force at 30° above the horizontal 
(Fig. 5.17b). Which would be easier for you and why?

Table 5.1
Coefficients of Friction
 Ms Mk

Rubber on concrete 1.0  0.8
Steel on steel 0.74 0.57
Aluminum on steel 0.61 0.47
Glass on glass 0.94 0.4
Copper on steel 0.53 0.36
Wood on wood 0.25–0.5 0.2
Waxed wood on wet snow 0.14 0.1
Waxed wood on dry snow — 0.04
Metal on metal (lubricated) 0.15 0.06
Teflon on Teflon 0.04 0.04
Ice on ice 0.1  0.03
Synovial joints in humans 0.01 0.003

Note: All values are approximate. In some cases, the coefficient of friction 
can exceed 1.0.
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Figure 5.17 (Quick Quiz 5.7) 
A father slides his daughter on a 
sled either by (a) pushing down 
on her shoulders or (b) pulling up 
on a rope.
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Figure 5.18 (Example 5.11) The 
external forces exerted on a block 
lying on a rough incline are the grav-
itational force mgS, the normal force 
nS, and the force of friction f

S
s . For 

convenience, the gravitational force 
is resolved into a component mg sin u 
along the incline and a component  
mg cos u perpendicular to the 
incline.

Table 5.1

2Serway & Jewett, page 132.
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Incline with Friction

Given a block of mass m = 1 kg on an incline of θ = 30◦ with a
coefficient of static friction of µs = 0.3, will the block slide?
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Incline with Friction
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Figure 5.18 (Example 5.11) The 
external forces exerted on a block 
lying on a rough incline are the grav-
itational force mgS, the normal force 
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S
s . For 
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Table 5.1

If the net force is not zero, it will be downward parallel to the slope.
x-direction:

Fnet,x = mg sin θ− fs

Block will slip if:

mg sin θ− fs,max > 0

mg sin θ− µs(mg cos θ)
?
> 0

(1 kg)g(
1

2
− 0.3

√
3

2
)

?
> 0

2.35 N, downward along the incline > 0⇒ Yes, it slides.



Sliding Blocks with Friction: #103, page 149

 Problems 149

shown in Figure P5.103a. If the distance L that the 
leading edge of the smaller block travels on the larger 
block is 3.00 m, (a) in what time interval will the 
smaller block make it to the right side of the 8.00-kg 
block as shown in Figure P5.103b? (Note: Both blocks 
are set into motion when F

S
 is applied.) (b) How far 

does the 8.00-kg block move in the process?
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Figure P5.103

 104. A mobile is formed by supporting four metal butter-
flies of equal mass m from a string of length L. The 
points of support are evenly spaced a distance , apart 
as shown in Figure P5.104. The string forms an angle 
u1 with the ceiling at each endpoint. The center sec-
tion of string is horizontal. (a) Find the tension in 
each section of string in terms of u1, m, and g. (b) In 
terms of u1, find the angle u2 that the sections of string 
between the outside butterflies and the inside butter-
flies form with the horizontal. (c) Show that the dis-
tance D between the endpoints of the string is

D 5
L
5
b2 cos u1 1 2 cos 3tan21 11

2 tan u1 2 4 1 1r
!

!!
!
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m

m

m

m

L ! 5!
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Figure P5.104

S

 100. Why is the following situation impossible? A 1.30-kg toaster  
is not plugged in. The coefficient of static friction 
between the toaster and a horizontal countertop is 
0.350. To make the toaster start moving, you carelessly 
pull on its electric cord. Unfortunately, the cord has 
become frayed from your previous similar actions and 
will break if the tension in the cord exceeds 4.00 N. 
By pulling on the cord at a particular angle, you suc-
cessfully start the toaster moving without breaking the 
cord.

 101. Review. A block of mass m 5 2.00 kg is released from 
rest at h 5 0.500 m above the surface of a table, at the 
top of a u 5 30.0° incline as shown in Figure P5.101. 
The frictionless incline is fixed on a table of height  
H 5 2.00 m. (a)  Determine the acceleration of the 
block as it slides down the incline. (b) What is the 
velocity of the block as it leaves the incline? (c) How far 
from the table will the block hit the floor? (d) What 
time interval elapses between when the block is 
released and when it hits the floor? (e) Does the mass of 
the block affect any of the above calculations?

h

H

u

R

m

Figure P5.101 Problems 101 and 102.

 102. In Figure P5.101, the incline has mass M and is fas-
tened to the stationary horizontal tabletop. The block 
of mass m is placed near the bottom of the incline and 
is released with a quick push that sets it sliding 
upward. The block stops near the top of the incline as 
shown in the figure and then slides down again, 
always without friction. Find the force that the table-
top exerts on the incline throughout this motion in 
terms of m, M, g, and u.

 103. A block of mass m 5 2.00 kg rests on the left edge of a 
block of mass M 5 8.00 kg. The coefficient of kinetic 
friction between the two blocks is 0.300, and the sur-
face on which the 8.00-kg block rests is frictionless. A 
constant horizontal force of magnitude F 5 10.0 N is 
applied to the 2.00-kg block, setting it in motion as 

S

Between m and M
is friction,
coefficient µk .

How long does it
take for the little
block to reach the
end of the long
block?

How far did the
long block move?



Summary

• friction

First Test Monday, 10 Feb.

(Uncollected) Homework Serway & Jewett,

• Work through Example 5.13 on page 134 and understand it.

• Ch 5, onward from page 136. Obj.Q 1; Problems: 61, 65, 89,
103

• Ch 6, onward from page 169. Probs: 1, 5 (can try these now)


