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Last time

• Types of forces and new scenarios

• contact forces
• tension
• pulleys



Overview

• finish Atwood machine

• friction



Recap: Pulleys and the Atwood Machine
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Example 5.9   The Atwood Machine 

When two objects of unequal mass are hung vertically over a frictionless pulley of 
negligible mass as in Figure 5.14a, the arrangement is called an Atwood machine. 
The device is sometimes used in the laboratory to determine the value of g. Deter-
mine the magnitude of the acceleration of the two objects and the tension in the 
lightweight string.

Conceptualize Imagine the situation pictured in Figure 5.14a in action: as one 
object moves upward, the other object moves downward. Because the objects 
are connected by an inextensible string, their accelerations must be of equal 
magnitude.

Categorize The objects in the Atwood machine are subject to the gravitational 
force as well as to the forces exerted by the strings connected to them. Therefore, 
we can categorize this problem as one involving two particles under a net force.

Analyze The free-body diagrams for the two objects are shown in Figure 5.14b. 
Two forces act on each object: the upward force T

S
 exerted by the string and  

the downward gravitational force. In problems such as this one in which the 
pulley is modeled as massless and frictionless, the tension in the string on both 
sides of the pulley is the same. If the pulley has mass or is subject to friction, the tensions on either side are not the 
same and the situation requires techniques we will learn in Chapter 10.
 We must be very careful with signs in problems such as this one. In Figure 5.14a, notice that if object 1 accelerates 
upward, object 2 accelerates downward. Therefore, for consistency with signs, if we define the upward direction as 
positive for object 1, we must define the downward direction as positive for object 2. With this sign convention, both 
objects accelerate in the same direction as defined by the choice of sign. Furthermore, according to this sign conven-
tion, the y component of the net force exerted on object 1 is T 2 m1g, and the y component of the net force exerted on 
object 2 is m2g 2 T.
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S O L U T I O N

Figure 5.14 (Example 5.9) The 
Atwood machine. (a) Two objects 
connected by a massless inextensible 
string over a frictionless pulley.  
(b) The free-body diagrams for the 
two objects.

+

+

m1

m1

m2

m2

a b

T
S

T
S

gS 

gS 

m1
m2

From the particle under a net force model, apply New-
ton’s second law to object 1:

(1)   o Fy 5 T 2 m1g  5 m1ay

Apply Newton’s second law to object 2: (2)   o Fy 5 m2g 2 T 5 m2ay

Add Equation (2) to Equation (1), noticing that T cancels: 2 m1g 1 m2g 5 m1ay 1 m2ay

Solve for the acceleration: (3)   ay 5 am2 2 m1

m1 1 m2
bg

Substitute Equation (3) into Equation (1) to find T : (4)   T 5 m1(g 1 ay) 5 a 2m1m2

m1 1 m2
bg

Finalize The acceleration given by Equation (3) can be interpreted as the ratio of the magnitude of the unbalanced 
force on the system (m2 2 m1)g to the total mass of the system (m1 1 m2), as expected from Newton’s second law. Notice 
that the sign of the acceleration depends on the relative masses of the two objects.

Describe the motion of the system if the objects have equal masses, that is, m1 5 m2.

Answer If we have the same mass on both sides, the system is balanced and should not accelerate. Mathematically, we 
see that if m1 5 m2, Equation (3) gives us ay 5 0.

What if one of the masses is much larger than the other: m1 .. m2?

Answer In the case in which one mass is infinitely larger than the other, we can ignore the effect of the smaller mass. 
Therefore, the larger mass should simply fall as if the smaller mass were not there. We see that if m1 .. m2, Equation 
(3) gives us ay 5 2g.

WHAT IF ?

WHAT IF ?

 

We can consider the motion for each mass separately. In the
y -directions:

Fnet,1,y = T −m1g = m1a (up positive) (1)

Fnet,2,y = m2g − T = m2a (down positive) (2)

Be careful about the signs! Both masses must accelerate
together - one up, one down.



Recap: Pulleys and the Atwood Machine

Finding acceleration and tension in the rope:

Fnet,1,y = T −m1g = m1a (1)

Fnet,2,y = m2g − T = m2a (2)

Take eq (1) + eq (2):

m2g −m1g = m1a +m2a

a =
(m2 −m1)g

m1 +m2

T =
2m1m2g

m1 +m2



Question

You push on a heavy crate and moves it across the floor. However,
even as you push it does not accelerate and if you stop pushing,
the box stops moving. Why?



Some Types of Forces: Friction

Friction is a force that opposes motion.

Tiny defects in the surface of the floor and the crate catch on one
another as the crate is pushed.

1Figure from boundless.com



Friction

friction

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

There are actually two types of friction:

• kinetic (moving across surface)

• static (stationary on surface)



Friction

Kinetic Friction
Kinetic friction is a resistive force that dissipates energy.
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kinetic friction ∝ normal force

fk = µkn

µk is the coefficient of kinetic
friction

The kinetic friction force always acts to oppose motion of the
surfaces relative to each other. That means the kinetic friction fk
always points opposite to the velocity vector.



Friction
Static Friction
Static friction acts when there is some component of a force on an
object parallel to the surface it rests on, but the object does not
move relative to the surface.
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max. static friction ∝ normal force

fs 6 µsn

µs is the coefficient of static friction

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  

F
S

a b

c

fs,max

F
Static region Kinetic region

f s !
 F

fk ! mkn    

|  |

O

nS

f
S

f
S

s

gSm

F
S

nS

f
S

k

gSm

Motion

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
For waxed wood on wet snow µs = 0.14 and µk = 0.10. 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

= 13.72 N = 14 N (2 sig figs)

Fapp − fk = 13.72 − µkn

= 13.72 − (0.1)(10 kg)g

= 3.92 N ⇒ a =
3.92 N

10 kg
= 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?

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.
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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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Friction Example
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mum value of ms is necessary to achieve the record 
time? (b) Suppose the driver were able to increase his 
or her engine power, keeping other things equal. How 
would this change affect the elapsed time?

 59. To meet a U.S. Postal Service requirement, employees’ 
footwear must have a coefficient of static friction of 0.5 
or more on a specified tile surface. A typical athletic 
shoe has a coefficient of static friction of 0.800. In an 
emergency, what is the minimum time interval in 
which a person starting from rest can move 3.00 m on 
the tile surface if she is wearing (a) footwear meeting 
the Postal Service minimum and (b) a typical athletic 
shoe?

 60. A woman at an airport is towing 
her 20.0-kg suitcase at constant 
speed by pulling on a strap at 
an angle u above the horizontal 
(Fig. P5.60). She pulls on the 
strap with a 35.0-N force, and 
the friction force on the suit-
case is 20.0 N. (a) Draw a free-
body diagram of the suitcase. 
(b) What angle does the strap 
make with the horizontal? (c) 
What is the magnitude of the normal force that the 
ground exerts on the suitcase?

 61. Review. A 3.00-kg block starts from rest at the top of a 
30.0° incline and slides a distance of 2.00 m down the 
incline in 1.50 s. Find (a) the magnitude of the acceler-
ation of the block, (b) the coefficient of kinetic friction 
between block and plane, (c) the friction force acting 
on the block, and (d) the speed of the block after it has 
slid 2.00 m.

 62. The person in Figure P5.62 
weighs 170 lb. As seen from 
the front, each light crutch 
makes an angle of 22.0° 
with the vertical. Half of the 
person’s weight is supported 
by the crutches. The other 
half is supported by the ver-
tical forces of the ground 
on the person’s feet. Assum-
ing that the person is mov-
ing with constant velocity 
and the force exerted by the 
ground on the crutches acts 
along the crutches, deter-
mine (a) the smallest possible coefficient of friction 
between crutches and ground and (b) the magnitude 
of the compression force in each crutch.

 63. A 9.00-kg hanging object is connected by a light, inex-
tensible cord over a light, frictionless pulley to a 5.00-
kg block that is sliding on a flat table (Fig. P5.40). Tak-
ing the coefficient of kinetic friction as 0.200, find the 
tension in the string.

 64. Three objects are connected on a table as shown in Fig-
ure P5.64. The coefficient of kinetic friction between 
the block of mass m2 and the table is 0.350. The objects 
have masses of m1 5 4.00 kg, m2 5 1.00 kg, and m3 5 

u
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Figure P5.62
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flatbed of a 20 000-kg truck moving at 12.0 m/s. Assume 
that the load is not tied down to the truck, but has a coef-
ficient of friction of 0.500 with the flatbed of the truck. 
(a) Calculate the minimum stopping distance for which 
the load will not slide forward relative to the truck.  
(b) Is any piece of data unnecessary for the solution?

 53. Review. A rifle bullet with a mass of 12.0 g traveling 
toward the right at 260 m/s strikes a large bag of sand 
and penetrates it to a depth of 23.0 cm. Determine the 
magnitude and direction of the friction force (assumed 
constant) that acts on the bullet.

 54. Review. A car is traveling at 50.0 mi/h on a horizontal 
highway. (a) If the coefficient of static friction between 
road and tires on a rainy day is 0.100, what is the mini-
mum distance in which the car will stop? (b) What is 
the stopping distance when the surface is dry and ms 5 
0.600?

 55. A 25.0-kg block is initially at rest on a horizontal sur-
face. A horizontal force of 75.0 N is required to set 
the block in motion, after which a horizontal force of  
60.0 N is required to keep the block moving with con-
stant speed. Find (a)  the coefficient of static friction 
and (b) the coefficient of kinetic friction between the 
block and the surface.

 56. Why is the following situation impossible? Your 3.80-kg  
physics book is placed next to you on the horizontal seat 
of your car. The coefficient of static friction between the 
book and the seat is 0.650, and the coefficient of kinetic 
friction is 0.550. You are traveling forward at 72.0 km/h 
and brake to a stop with constant acceleration over a  
distance of 30.0 m. Your physics book remains on the 
seat rather than sliding forward onto the floor.

 57. To determine the coefficients of friction between rub-
ber and various surfaces, a student uses a rubber eraser 
and an incline. In one experiment, the eraser begins 
to slip down the incline when the angle of inclination 
is 36.0° and then moves down the incline with constant 
speed when the angle is reduced to 30.0°. From these 
data, determine the coefficients of static and kinetic 
friction for this experiment.

 58. Before 1960, people believed that the maximum 
attainable coefficient of static friction for an automo-
bile tire on a roadway was ms 5 1. Around 1962, three 
companies independently developed racing tires with 
coefficients of 1.6. This problem shows that tires have 
improved further since then. The shortest time inter-
val in which a piston-engine car initially at rest has 
covered a distance of one-quarter mile is about 4.43 s. 
(a) Assume the car’s rear wheels lift the front wheels 
off the pavement as shown in Figure P5.58. What mini-
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Ja
m

ie
 S

qu
ire

/A
lls

po
rt

/G
et

ty
 Im

ag
es

Answers:
b) θ = 55.2◦

c) n = 167 N
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physics book is placed next to you on the horizontal seat 
of your car. The coefficient of static friction between the 
book and the seat is 0.650, and the coefficient of kinetic 
friction is 0.550. You are traveling forward at 72.0 km/h 
and brake to a stop with constant acceleration over a  
distance of 30.0 m. Your physics book remains on the 
seat rather than sliding forward onto the floor.

 57. To determine the coefficients of friction between rub-
ber and various surfaces, a student uses a rubber eraser 
and an incline. In one experiment, the eraser begins 
to slip down the incline when the angle of inclination 
is 36.0° and then moves down the incline with constant 
speed when the angle is reduced to 30.0°. From these 
data, determine the coefficients of static and kinetic 
friction for this experiment.

 58. Before 1960, people believed that the maximum 
attainable coefficient of static friction for an automo-
bile tire on a roadway was ms 5 1. Around 1962, three 
companies independently developed racing tires with 
coefficients of 1.6. This problem shows that tires have 
improved further since then. The shortest time inter-
val in which a piston-engine car initially at rest has 
covered a distance of one-quarter mile is about 4.43 s. 
(a) Assume the car’s rear wheels lift the front wheels 
off the pavement as shown in Figure P5.58. What mini-
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Answers:
b) θ = 55.2◦

c) n = 167 N



Summary

• finish Atwood machine

• friction

Homework
• Ch 6 Ques: 1, 3; Probs: 1, 5, 7, 9, 17, 27, 29


