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Last time

• Atwood machine variation

• kinetic and static friction

• friction example



Overview

• more friction examples



Friction Example 2

For waxed wood on wet snow, µs = 0.14 and µk = 0.1. You pull
horizontally 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?

Sketch.

Hypothesis: 13.7 N, should be the max static friction force we just
worked out in previous example; 1 m/s2

To get the sled moving Fapp > fs,max

fs,max = µsN

= (0.14)(10 kg)g

= 13.7 N
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Friction Example 2
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?

Fnet,x = max

Fapp − Fkf = 13.72 − µkn

= 13.72 − (0.1)(10 kg)g

= 3.92 N

a =
F

m
=

3.92 N

10 kg
= 0.39 ms−2

Reasonable?: Yes for the force. The acceleration was a bit less
than my guess, but same order of magnitude.



Friction Example 2
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?

Fnet,x = max

Fapp − Fkf = 13.72 − µkn

= 13.72 − (0.1)(10 kg)g

= 3.92 N

a =
F

m
=

3.92 N

10 kg
= 0.39 ms−2

Reasonable?: Yes for the force. The acceleration was a bit less
than my guess, but same order of magnitude.



Friction Example 2
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?

Fnet,x = max

Fapp − Fkf = 13.72 − µkn

= 13.72 − (0.1)(10 kg)g

= 3.92 N

a =
F

m
=

3.92 N

10 kg
= 0.39 ms−2

Reasonable?: Yes for the force. The acceleration was a bit less
than my guess, but same order of magnitude.



Friction Example 6-2

A trained sea lion slides from rest with constant acceleration down
a 3.0-m-long ramp into a pool of water. If the ramp is inclined at
an angle of 23◦ above the horizontal and the coefficient of kinetic
friction between the sea lion and the ramp is 0.26, how long does
it take for the sea lion to make a splash in the pool?

Sketch:

6–1 FRICTIONAL FORCES 145

In the next Example we consider a system that is inclined at an angle relative
to the horizontal. As a result, the normal force responsible for the kinetic friction
is less than the weight of the object. To be very clear about how we handle the
force vectors in such a case, we begin by resolving each vector into its x and y
components.

u
PROBLEM-SOLVING NOTE

Choice of Coordinate System: 
Incline

On an incline, align one axis (x) parallel to
the surface, and the other axis (y) perpen-
dicular to the surface. That way the motion
is in the x direction. Since no motion occurs
in the y direction, we know that ay = 0.

EXAMPLE 6–2 Making a Big Splash
A trained sea lion slides from rest with constant acceleration down a 3.0-m-long ramp into a pool of water. If the ramp is inclined
at an angle of 23° above the horizontal and the coefficient of kinetic friction between the sea lion and the ramp is 0.26, how long
does it take for the sea lion to make a splash in the pool?

Picture the Problem
As is usual with inclined surfaces, we choose one axis to be parallel to the surface and the other to be perpendicular to it. In our
sketch, the sea lion accelerates in the positive x direction having started from rest, We are free to choose the
initial position of the sea lion to be There is no motion in the y direction, and therefore Finally, we note from the
free-body diagram that and 

Strategy
We can use the kinematic equation relating position to time, to find the time of the sea lion’s slide. It will
be necessary, however, to first determine the acceleration of the sea lion in the x direction, 

To find we apply Newton’s second law to the sea lion. First, we can find N by setting equal to zero (since ).
It is important to start by finding N because we need it to find the force of kinetic friction, Using in the sum of
forces in the x direction, allows us to solve for and, finally, for the time.

Solution

1. We begin by resolving each of the three force vectors 
into x and y components:

2. Set to find N: 
We see that N is less than the weight, mg:

3. Next, set 
Note that the mass cancels in this equation:

4. Solve for the acceleration in the x direction, 

5. Use to find the time when the 
sea lion reaches the bottom. We choose and we
are given that hence we set 
and solve for t:

continued on next page

t = A2x
ax

= A 213.0 m2
1.5 m/s2 = 2.0 sx = 1

2 axt2 = 3.0 mv0x = 0,
x0 = 0,

x = 1
2 axt2x = x0 + v0xt + 1

2 axt2

 = 1.5 m/s2 = 19.81 m/s22[sin 23° - 10.262 cos 23°]
 ax = g1sin u - mk cos u2ax:

 = mg sin u - mkmg cos u = max

 aFx = mg sin u - mkN©Fx = max:

N = mg cos u
aFy = N - mg cos u = may = 0©Fy = may = 0

 Nx = 0  Ny = N

fk,x = -fk = -mkN fk,y = 0
 
Wx = mg sin u

 
Wy = -mg cos u

ax©Fx = max,
fkfk = mkN.

ay = 0©Fy = mayax

ax.
x = x0 + v0xt + 1

2axt2,

W
!

= 1mg sin u2xN + 1-mg cos u2yN .N
!

= NyN , f
!
k = -mkNxN ,

ay = 0.x0 = 0.
v0x = 0.1ax 7 02,

+y

+x x

y
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Friction Example 6-2
Hypothesis: About 5 seconds.

Strategy: Use Newton’s 2nd law, find acceleration, use kinematics
equation.
y direction:

Fnet,y = N −mg cos θ = 0

N = mg cos θ

x direction:

Fnet,x = mg sin θ− fk = ma

mg sin θ− µkN = ma

mg sin θ− µk(mg cos θ) = ma

a = g(sin θ− µk cos θ)

a = 1.5 m/s2
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x direction:

Fnet,x = mg sin θ− fk = ma
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a = g(sin θ− µk cos θ)
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Friction Example 6-2

Given: ∆x = 3 m, a = 1.5 m/s2, v0 = 0 m/s.
Asked for: t.

∆x = v0t +
1

2
at2

t = 2.0 s

Reasonable?: Less than half my guess, but 23◦ is a pretty steep
slope, so the answer is plausible.
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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?

132 Chapter 5 The Laws of Motion

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.

a

b

30!
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S

30!
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S

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.

y
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uu
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nS
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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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Friction Question

Ch 6 #5, page 178

Hopping into your Porsche, you floor it and accelerate at 12 m/s2

without spinning the tires. Determine the minimum coefficient of
static friction between the tires and the road needed to make this
possible.

Sketch a free body diagram for the car. (What force causes the
car’s forward acceleration?)

Hypothesis: coefficients of friction are usually between 0 and 1.
Car tires are designed not to slip on asphalt. µs should be high,
but we are looking for the minimum it could be. Guess: 0.5.

1Walker, “Physics”.
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Friction Question
Hopping into your Porsche, you floor it and accelerate at 12 m/s2

without spinning the tires. Determine the minimum coefficient of
static friction between the tires and the road needed to make this
possible.

Strategy: Newton’s 2nd law.

Fnet = ma

Fnet = fs . If we want to find the minimum coefficient of static
friction, assume that we are getting the max possible force from
that coefficient: fs = fs,max = µsN.

µsmg = ma

µs =
a

g

µs =
12 m/s2

9.81 m/s2
= 1.2



Friction Question

Hopping into your Porsche, you floor it and accelerate at 12 m/s2

without spinning the tires. Determine the minimum coefficient of
static friction between the tires and the road needed to make this
possible.

µs = 1.2

Reasonable?: Woah! This is not only much bigger than my guess,
it is bigger than 1!

This would mean that it requires less force to pick up the entire
Porsche and move it to one side than it does to push it along the
ground starting from rest.

Research → Apparently, yes! This is the sort of number you can
get for high-performance racing tires. Cool.
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Summary

• friction examples

Quiz Monday

Homework
Walker Physics:

• prev: Ch 6, onwards from page 177. Questions: 3, 15;
Problems: 1, 3, 7, 11, 13, 15, 87 (friction)

• new: Ch 6, Problem: 109 (friction)


