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Last time

• objects accelerated together

• introduced the Atwood machine



Overview

• the Atwood machine, and variants

• introduce friction



Pulleys and the Atwood Machine

The Atwood Machine can be used to make careful determinations
of g , as well as explore the behavior of forces and accelerations.

128 Chapter 5 The Laws of Motion

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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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.
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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 ?

 

1http://en.wikipedia.org/wiki/Atwood machine
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Pulleys and the Atwood Machine

We can consider the motion for each mass separately.

mass 1, y -direction:

Fnet,1y = m1ay

T −m1g = m1a (1)

mass 2, y ′-direction:

Fnet,2y ′ = m2ay ′

m2g − T = m2a (2)

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

Two equations, two unknowns. Solve as you like!
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Pulleys and the Atwood Machine

T −m1g = m1a (1)

m2g − T = m2a (2)

Take eq (1) + eq (2):

m2g −m1g = m1a +m2a

a =
(m2 −m1)g

m1 +m2

Putting a into either eq (1) or eq (2):

T =
2m1m2g

m1 +m2



Pulleys and the Atwood Machine

T −m1g = m1a (1)

m2g − T = m2a (2)

Take eq (1) + eq (2):

m2g −m1g = m1a +m2a

a =
(m2 −m1)g

m1 +m2

Putting a into either eq (1) or eq (2):

T =
2m1m2g

m1 +m2



Pulley with an Incline

Let’s change up our Atwood machine apparatus so that one of the
masses is on a slanted surface with no friction. Assume
m2 sin θ > m1, so the blocks slide as shown.

Try to solve this one yourself! a = ?, T = ?

 5.7 Analysis Models Using Newton’s Second Law 129

Example 5.10   Acceleration of Two Objects Connected by a Cord 

A ball of mass m1 and a block of mass m2 are attached by a lightweight cord 
that passes over a frictionless pulley of negligible mass as in Figure 5.15a. 
The block lies on a frictionless incline of angle u. Find the magnitude of 
the acceleration of the two objects and the tension in the cord.

Conceptualize Imagine the objects in Figure 5.15 in motion. If m2 moves 
down the incline, then m1 moves upward. Because the objects are con-
nected by a cord (which we assume does not stretch), their accelerations 
have the same magnitude. Notice the normal coordinate axes in Figure 
5.15b for the ball and the “tilted” axes for the block in Figure 5.15c.

Categorize We can identify forces on each of the two objects and we are 
looking for an acceleration, so we categorize the objects as particles under a 
net force. For the block, this model is only valid for the x9 direction. In the y9 
direction, we apply the particle in equilibrium model because the block does 
not accelerate in that direction.

Analyze Consider the free-body diagrams shown in Figures 5.15b and 
5.15c.
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Figure 5.15 (Example 5.10) (a) Two objects 
connected by a lightweight cord strung over a 
frictionless pulley. (b) The free-body diagram 
for the ball. (c) The free-body diagram for the 
block. (The incline is frictionless.)

Apply Newton’s second law in the y direction to the ball, 
choosing the upward direction as positive:

(1)   o Fy 5 T 2 m1g  5 m1ay 5 m1a

For the ball to accelerate upward, it is necessary that T . m1g. In Equation (1), we replaced ay with a because the accel-
eration has only a y component.
 For the block, we have chosen the x9 axis along the incline as in Figure 5.15c. For consistency with our choice for the 
ball, we choose the positive x9 direction to be down the incline.

Apply the particle under a net force model to the block 
in the x9 direction and the particle in equilibrium model 
in the y9 direction:

(2)   o Fx9 5 m2g sin u 2 T 5 m2ax9 5 m2a

(3)   o Fy9 5 n 2 m2g cos u 5 0

Solve Equation (1) for T : (4)   T 5 m1(g 1 a)

Substitute this expression for T into Equation (2): m2g sin u 2 m1(g 1 a) 5 m2a

Solve for a: (5)   a 5 am2 sin u 2 m1

m1 1 m2
bg

Substitute this expression for a into Equation (4) to  
find T :

(6)   T 5 am1m2 1sin u 1 1 2
m1 1 m2

bg

Finalize The block accelerates down the incline only if m2 sin u . m1. If m1 . m2 sin u, the acceleration is up the 
incline for the block and downward for the ball. Also notice that the result for the acceleration, Equation (5), can be 
interpreted as the magnitude of the net external force acting on the ball–block system divided by the total mass of the 
system; this result is consistent with Newton’s second law.

What happens in this situation if u 5 90°?WHAT IF ?
continued

In Equation (2), we replaced ax9 with a because the two objects have accelerations of equal magnitude a.



Pulley with an Incline
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Figure 5.15 (Example 5.10) (a) Two objects 
connected by a lightweight cord strung over a 
frictionless pulley. (b) The free-body diagram 
for the ball. (c) The free-body diagram for the 
block. (The incline is frictionless.)

Apply Newton’s second law in the y direction to the ball, 
choosing the upward direction as positive:

(1)   o Fy 5 T 2 m1g  5 m1ay 5 m1a

For the ball to accelerate upward, it is necessary that T . m1g. In Equation (1), we replaced ay with a because the accel-
eration has only a y component.
 For the block, we have chosen the x9 axis along the incline as in Figure 5.15c. For consistency with our choice for the 
ball, we choose the positive x9 direction to be down the incline.

Apply the particle under a net force model to the block 
in the x9 direction and the particle in equilibrium model 
in the y9 direction:

(2)   o Fx9 5 m2g sin u 2 T 5 m2ax9 5 m2a

(3)   o Fy9 5 n 2 m2g cos u 5 0

Solve Equation (1) for T : (4)   T 5 m1(g 1 a)

Substitute this expression for T into Equation (2): m2g sin u 2 m1(g 1 a) 5 m2a

Solve for a: (5)   a 5 am2 sin u 2 m1

m1 1 m2
bg

Substitute this expression for a into Equation (4) to  
find T :

(6)   T 5 am1m2 1sin u 1 1 2
m1 1 m2

bg

Finalize The block accelerates down the incline only if m2 sin u . m1. If m1 . m2 sin u, the acceleration is up the 
incline for the block and downward for the ball. Also notice that the result for the acceleration, Equation (5), can be 
interpreted as the magnitude of the net external force acting on the ball–block system divided by the total mass of the 
system; this result is consistent with Newton’s second law.

What happens in this situation if u 5 90°?WHAT IF ?
continued

In Equation (2), we replaced ax9 with a because the two objects have accelerations of equal magnitude a.

We can still consider each object separately:
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What happens in this situation if u 5 90°?WHAT IF ?
continued

In Equation (2), we replaced ax9 with a because the two objects have accelerations of equal magnitude a.

 5.7 Analysis Models Using Newton’s Second Law 129

Example 5.10   Acceleration of Two Objects Connected by a Cord 

A ball of mass m1 and a block of mass m2 are attached by a lightweight cord 
that passes over a frictionless pulley of negligible mass as in Figure 5.15a. 
The block lies on a frictionless incline of angle u. Find the magnitude of 
the acceleration of the two objects and the tension in the cord.

Conceptualize Imagine the objects in Figure 5.15 in motion. If m2 moves 
down the incline, then m1 moves upward. Because the objects are con-
nected by a cord (which we assume does not stretch), their accelerations 
have the same magnitude. Notice the normal coordinate axes in Figure 
5.15b for the ball and the “tilted” axes for the block in Figure 5.15c.

Categorize We can identify forces on each of the two objects and we are 
looking for an acceleration, so we categorize the objects as particles under a 
net force. For the block, this model is only valid for the x9 direction. In the y9 
direction, we apply the particle in equilibrium model because the block does 
not accelerate in that direction.

Analyze Consider the free-body diagrams shown in Figures 5.15b and 
5.15c.

AM

S O L U T I O N

x

y

m1

2g cos
x!

y!

m2

m2g sin u

u
um

m1
u

m2

nS

T
S

T
S

gS 

gS 

aS 

aS 

a

c

b
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frictionless pulley. (b) The free-body diagram 
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block. (The incline is frictionless.)

Apply Newton’s second law in the y direction to the ball, 
choosing the upward direction as positive:

(1)   o Fy 5 T 2 m1g  5 m1ay 5 m1a

For the ball to accelerate upward, it is necessary that T . m1g. In Equation (1), we replaced ay with a because the accel-
eration has only a y component.
 For the block, we have chosen the x9 axis along the incline as in Figure 5.15c. For consistency with our choice for the 
ball, we choose the positive x9 direction to be down the incline.

Apply the particle under a net force model to the block 
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Finalize The block accelerates down the incline only if m2 sin u . m1. If m1 . m2 sin u, the acceleration is up the 
incline for the block and downward for the ball. Also notice that the result for the acceleration, Equation (5), can be 
interpreted as the magnitude of the net external force acting on the ball–block system divided by the total mass of the 
system; this result is consistent with Newton’s second law.

What happens in this situation if u 5 90°?WHAT IF ?
continued

In Equation (2), we replaced ax9 with a because the two objects have accelerations of equal magnitude a.

Acceleration? Tension?



Pulley with an Incline

We must have ay = ax ′ = a.

Object 1:
x-direction: no forces w/ components in x ⇒ Fnet,x = 0, ax = 0.
y -direction:

Fnet,y = m1ay

T −m1g = m1a (3)

Object 2:
x ′-direction:

Fnet,x ′ = m2ax ′

m2g sin θ− T = m2a (4)

y ′-direction: ay ′ = 0.
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Pulley with an Incline



Summary

• the Atwood machine, and variants

• introduce friction (?)

Homework
Walker Physics:

• Ch 6, Problems: 43, 45, 47 (Atwood-type)

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


