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Last time

• types of forces: normal force

• elevators and acceleration

• inclines

• tension



Overview

• static equilibrium

• tension and statics

• elevators again

• pulleys



Static Equilibrium

If an object is at rest and remains at rest in the frame of
reference we are considering, we say it is in Static Equilibrium.

“at rest and remains at rest” ⇒ #»a = 0

#»a = 0 ⇒ #»

Fnet = 0 for the object.

For Static Equilibrium:

• #»v = 0

• #»a = 0

• #»

Fnet = 0
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Statics with Tensions

These type of problems are equilibrium problems. The idea is to
equate forces in perpendicular directions.

Consider a hanging traffic light:

122 Chapter 5 The Laws of Motion

Analyze We construct a diagram of the forces acting on the traffic light, shown in Figure 5.10b, and a free-body 
diagram for the knot that holds the three cables together, shown in Figure 5.10c. This knot is a convenient object to 
choose because all the forces of interest act along lines passing through the knot.

From the particle in equilibrium model, apply  
Equation 5.8 for the traffic light in the y direction:

o Fy 5 0   S   T3 2 Fg 5 0

T3 5 Fg

Example 5.4   A Traffic Light at Rest 

A traffic light weighing 122 N hangs from a cable tied to 
two other cables fastened to a support as in Figure 5.10a. 
The upper cables make angles of u1 5 37.0° and u2 5 
53.0° with the horizontal. These upper cables are not as 
strong as the vertical cable and will break if the tension 
in them exceeds 100 N. Does the traffic light remain 
hanging in this situation, or will one of the cables break?

Conceptualize Inspect the drawing in Figure 5.10a. Let 
us assume the cables do not break and nothing is moving.

Categorize If nothing is moving, no part of the system 
is accelerating. We can now model the light as a particle 
in equilibrium on which the net force is zero. Similarly, 
the net force on the knot (Fig. 5.10c) is zero, so it is also 
modeled as a particle in equilibrium.
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 Several examples below demonstrate the use of the particle under a net force 
model.
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Figure 5.10 (Example 5.4) (a) A traffic light suspended by 
cables. (b) The forces acting on the traffic light. (c) The free-body 
diagram for the knot where the three cables are joined.

Imagine an object that can be modeled as a particle. If it has one 
or more forces acting on it so that there is a net force on the object, 
it will accelerate in the direction of the net force. The relationship 
between the net force and the acceleration is

 a  F
S

5 m aS (5.2)
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Analysis Model   Particle Under a Net Force
Examples

r� B�DSBUF�QVTIFE�BDSPTT�B�GBDUPSZ�GMPPS
r� B�GBMMJOH�PCKFDU�BDUFE�VQPO�CZ�B�HSBWJUB-

tional force
r� B�QJTUPO�JO�BO�BVUPNPCJMF�FOHJOF�QVTIFE�

by hot gases (Chapter 22)
r� B�DIBSHFE�QBSUJDMF�JO�BO�FMFDUSJD�GJFME�

(Chapter 23)

Imagine an object that can be modeled as a particle. If it has sev-
eral forces acting on it so that the forces all cancel, giving a net 
force of zero, the object will have an acceleration of zero. This con-
dition is mathematically described as

 a  F
S

5 0  (5.8)
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Analysis Model   Particle in Equilibrium
Examples

r� B�DIBOEFMJFS�IBOHJOH�PWFS�B�EJOJOH�SPPN�
table

r� BO�PCKFDU�NPWJOH�BU�UFSNJOBM�TQFFE�
through a viscous medium (Chapter 6)

r� B�TUFFM�CFBN�JO�UIF�GSBNF�PG�B�CVJMEJOH�
(Chapter 12) 

r� B�CPBU�GMPBUJOH�PO�B�CPEZ�PG�XBUFS� 
(Chapter 14)

Static ⇒ #»

Fnet = 0 for the traffic light and cables.



Statics with Tensions

Example: A traffic light weighing 200 N is suspended by two light
cables, as shown in the diagram, so that θ1 = 30◦ and θ2 = 45◦.
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Figure 5.10 (Example 5.4) (a) A traffic light suspended by 
cables. (b) The forces acting on the traffic light. (c) The free-body 
diagram for the knot where the three cables are joined.

Imagine an object that can be modeled as a particle. If it has one 
or more forces acting on it so that there is a net force on the object, 
it will accelerate in the direction of the net force. The relationship 
between the net force and the acceleration is
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Analysis Model   Particle Under a Net Force
Examples

-
tional force

by hot gases (Chapter 22)

(Chapter 23)

Imagine an object that can be modeled as a particle. If it has sev-
eral forces acting on it so that the forces all cancel, giving a net 
force of zero, the object will have an acceleration of zero. This con-
dition is mathematically described as

 a  F
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5 0 (5.8)
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Analysis Model   Particle in Equilibrium
Examples

table

through a viscous medium (Chapter 6)

(Chapter 12) 
 

(Chapter 14)

Find the tensions T1 and T2.
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Examples
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Analysis Model   Particle in Equilibrium
Examples

r� B�DIBOEFMJFS�IBOHJOH�PWFS�B�EJOJOH�SPPN�
table

r� BO�PCKFDU�NPWJOH�BU�UFSNJOBM�TQFFE�
through a viscous medium (Chapter 6)

r� B�TUFFM�CFBN�JO�UIF�GSBNF�PG�B�CVJMEJOH�
(Chapter 12) 

r� B�CPBU�GMPBUJOH�PO�B�CPEZ�PG�XBUFS� 
(Chapter 14)

Static ⇒ #»

Fnet = 0 for the traffic light.

traffic light, y -direction:

Fnet,y = m��>
0

ay (1)

T3 − Fg = 0

T3 = Fg = 200N (2)
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Analysis Model   Particle in Equilibrium
Examples

r� B�DIBOEFMJFS�IBOHJOH�PWFS�B�EJOJOH�SPPN�
table

r� BO�PCKFDU�NPWJOH�BU�UFSNJOBM�TQFFE�
through a viscous medium (Chapter 6)
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Static ⇒ #»

Fnet = 0 for the junction of the
cables.

junction, x-direction:

Fnet,x = ��*
0

m ��>
0

ax

T1 cos θ1 − T2 cos θ2 = 0

T1 cos θ1 = T2 cos θ2 (3)

junction, y -direction:

Fnet,y = ��*
0

m ��>
0

ay

T1 sin θ1 + T2 sin θ2 − T3 = 0

T1 sin θ1 + T2 sin θ2 = T3 (4)
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Statics with Tensions

T1 cos θ1 = T2 cos θ2 (3)

And using eq (2), equation (4) becomes:

T1 sin θ1 + T2 sin θ2 = Fg (5)

We have two independent equations, and just the two unknowns
T1 and T2. (θ1 = 30◦ and θ2 = 45◦.) Solve as you like!

Answer:
T1 = 146 N,T2 = 179 N
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Elevator Problems

In an accelerating elevator, the tension in a support cable may be
greater or less than the weight of an object suspended from the
cable.

 5.7 Analysis Models Using Newton’s Second Law 127

Conceptualize The reading on the scale is related to the 
extension of the spring in the scale, which is related to the 
force on the end of the spring as in Figure 5.2. Imagine 
that the fish is hanging on a string attached to the end of 
the spring. In this case, the magnitude of the force exerted 
on the spring is equal to the tension T in the string. There-
fore, we are looking for T. The force T

S
 pulls down on the 

string and pulls up on the fish.

Categorize We can categorize this problem by identify-
ing the fish as a particle in equilibrium if the elevator is not 
accelerating or as a particle under a net force if the elevator 
is accelerating.

Analyze Inspect the diagrams of the forces acting on the 
fish in Figure 5.13 and notice that the external forces acting 
on the fish are the downward gravitational force F

S
g 5 mgS 

and the force T
S

 exerted by the string. If the elevator is 
either at rest or moving at constant velocity, the fish is a par-
ticle in equilibrium, so o Fy 5 T 2 Fg 5 0 or T 5 Fg 5 mg.  
(Remember that the scalar mg is the weight of the fish.)
 Now suppose the elevator is moving with an acceleration aS relative to an observer standing outside the elevator in 
an inertial frame. The fish is now a particle under a net force.

S O L U T I O N

1
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aS
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When the elevator accelerates 
upward, the spring scale reads 
a value greater than the
weight of the fish. 

When the elevator accelerates 
downward, the spring scale 
reads a value less than the
weight of the fish. 

Figure 5.13 (Example 5.8) A fish is weighed on a spring scale in 
an accelerating elevator car.

Apply Newton’s second law to the fish: o Fy 5 T 2 mg 5 may

Solve for T : (1)   T 5 may 1 mg 5 mg aay

g
1 1b 5 Fg aay

g
1 1b

where we have chosen upward as the positive y direction. We conclude from Equation (1) that the scale reading T is 
greater than the fish’s weight mg if aS is upward, so ay is positive (Fig. 5.13a), and that the reading is less than mg if aS is 
downward, so ay is negative (Fig. 5.13b).

(B) Evaluate the scale readings for a 40.0-N fish if the elevator moves with an acceleration ay 5 62.00 m/s2.

S O L U T I O N

Evaluate the scale reading from Equation (1) if aS is upward:

 

T 5 140.0 N 2 a2.00 m/s2

9.80 m/s2 1 1b 5 48.2 N  

Evaluate the scale reading from Equation (1) if aS is downward:

 

T 5 140.0 N 2 a22.00 m/s2

9.80 m/s2 1 1b 5 31.8 N

Finalize Take this advice: if you buy a fish in an elevator, make sure the fish is weighed while the elevator is either at 
rest or accelerating downward! Furthermore, notice that from the information given here, one cannot determine the 
direction of the velocity of the elevator.

Suppose the elevator cable breaks and the elevator and its contents are in free fall. What happens to the 
reading on the scale?

Answer If the elevator falls freely, the fish’s acceleration is ay 5 2g. We see from Equation (1) that the scale reading T 
is zero in this case; that is, the fish appears to be weightless.

WHAT IF ?

▸ 5.8 c o n t i n u e d

 

In these pictures there is a non-zero net force on the fish. That
means T 6= mg .



Pulleys
Pulleys “turn tensions around a corner”.
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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.

AM

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.
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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 ?

 

For the moment, we are just considering massless, frictionless
pulleys. What does that mean?

• Massless: we do not have to worry about force needed to
accelerate each atom in the pulley

• Frictionless: the axle of the pulley has no friction to resist the
wheel turning
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For the moment, we are just considering massless, frictionless
pulleys. What does that mean?

• Massless: we do not have to worry about force needed to
accelerate each atom in the pulley

• Frictionless: the axle of the pulley has no friction to resist the
wheel turning



Pulleys and Tension
If the rope is light (massless) and the pulley is massless and
frictionless, the tension in the rope on both sides of the pulley is
the same.

6–2 Strings and Springs
A common way to exert a force on an object is to pull on it with a string, a rope, a
cable, or a wire. Similarly, you can push or pull on an object if you attach it to a
spring. In this section we discuss the basic features of strings and springs and how
they transmit forces.
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▲ FIGURE 6–5 Tension in a string
A string, pulled from either end, has a tension, T. If the string were to be cut
at any point, the force required to hold the ends together is T.

T T

▲ FIGURE 6–6 Tension in a heavy rope
Because of the weight of the rope, the
tension is noticeably different at points 1,
2, and 3. As the rope becomes lighter, how-
ever, the difference in tension decreases. In
the limit of a rope of zero mass, the tension
is the same throughout the rope.

Strings and Tension
Imagine picking up a light string and holding it with one end in each hand. If you
pull to the right with your right hand with a force T and to the left with your left
hand with a force T, the string becomes taut. In such a case, we say that there is a
tension T in the string. To be more specific, if your friend were to cut the string at
some point, the tension T is the force pulling the ends apart, as illustrated in
Figure 6–5—that is, T is the force your friend would have to exert with each hand
to hold the cut ends together. Note that at any given point, the tension pulls
equally to the right and to the left.

As an example, consider a rope that is attached to the ceiling at one end, and
to a box with a weight of 105 N at the other end, as shown in Figure 6–6. In addi-
tion, suppose the rope is uniform, and that it has a total weight of 2.00 N. What
is the tension in the rope (i) where it attaches to the box, (ii) at its midpoint, and
(iii) where it attaches to the ceiling?

First, the rope holds the box at rest; thus, the tension where the rope attaches
to the box is simply the weight of the box, At the midpoint of the
rope, the tension supports the weight of the box, plus the weight of half the
rope. Thus, Similarly, at the ceiling the ten-
sion supports the box plus all of the rope, giving a tension of Note
that the tension pulls down on the ceiling but pulls up on the box.

From this discussion, we can see that the tension in the rope changes slightly
from top to bottom because of the mass of the rope. If the rope had less mass, the
difference in tension between its two ends would also be less. In particular, if the
rope’s mass were to be vanishingly small, the difference in tension would vanish
as well. In this text, we will assume that all ropes, strings, wires, and so on are
practically massless—unless specifically stated otherwise—and, hence, that the
tension is the same throughout their length.

Pulleys are often used to redirect a force exerted by a string, as indicated in
Figure 6–7. In the ideal case, a pulley has no mass, and no friction in its bearings.
Thus, an ideal pulley simply changes the direction of the tension in a string, without
changing its magnitude. If a system contains more than one pulley, however, it is
possible to arrange them in such a way as to “magnify a force,” even if each pul-
ley itself merely redirects the tension in a string. The traction device considered in
the next Example shows one way this can be accomplished in a system that uses
three ideal pulleys.

T3 = 107 N.
T2 = 105 N + 1

212.00 N2 = 106 N.

T1 = 105 N.

▲ FIGURE 6–7 A pulley changes the
direction of a tension
In an ideal string, the tension has the
same magnitude, T, throughout its
length. A pulley can serve to redirect the
string, however, so that the tension acts
in a different direction.
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1Figure from Walker, “Physics”.



Pulleys and Tension
A pulley is suspended over a well, and a light rope is run over the
pulley which is used to lift a bucket of water with a constant
velocity. If the mass of water is 5 kg, what is the tension in the
chain supporting the pulley?

6–3 TRANSLATIONAL EQUILIBRIUM 155
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Physical picture

Forces acting
on the pulley

Forces acting
on the bucket
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T1 T1
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FIGURE 6–9 Raising a bucket
A person lifts a bucket of water from the
bottom of a well with a constant speed, v.
Because the speed is constant, the net
force acting on the bucket must be zero.

▲

again take upward to be positive, the statement that the net force acting on the
pulley is zero can be written

It follows that the tension in the chain is twice the weight of the
bucket of water!

In the next Conceptual Checkpoint we consider a slight variation of this
situation.

CONCEPTUAL CHECKPOINT 6–3 Comparing Tensions
A person hoists a bucket of water from a well and holds the rope, keeping the bucket at rest, as at
left. A short time later, the person ties the rope to the bucket so that the rope holds the bucket in
place, as at right. In this case, is the tension in the rope (a) greater than, (b) less than, or (c) equal
to the tension in the first case?

continued on next page

T2 = 2T1 = 2mg,

T2 - T1 - T1 = 0

1©Fy = 02
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Tension and Force Meters

 Problems 141

a buoyant force vertically upward on the boat. Find the 
magnitude of this force. (b) Model the forces as con-
stant over a short interval of time to find the velocity of 
the boat 0.450 s after the moment described.

 26. An iron bolt of mass 65.0 g hangs from a string 35.7 cm 
long. The top end of the string is fixed. Without touch-
ing it, a magnet attracts the bolt so that it remains sta-
tionary, but is displaced horizontally 28.0 cm to the 
right from the previously vertical line of the string. 
The magnet is located to the right of the bolt and on 
the same vertical level as the bolt in the final configu-
ration. (a) Draw a free-body diagram of the bolt.  
(b) Find the tension in the string. (c)  Find the mag-
netic force on the bolt.

 27. Figure P5.27 shows the 
horizontal forces acting on 
a sailboat moving north at 
constant velocity, seen 
from a point straight above 
its mast. At the particular 
speed of the sailboat, the 
water exerts a 220-N drag 
force on its hull and u 5 
40.0°. For each of the situa-
tions (a) and (b) described 
below, write two component equations representing 
Newton’s second law. Then solve the equations for P 
(the force exerted by the wind on the sail) and for n (the 
force exerted by the water on the keel). (a) Choose the 
x direction as east and the y direction as north. (b) Now 
choose the x direction as u 5 40.0° north of east and 
the y direction as u 5 40.0° west of north. (c) Compare 
your solutions to parts (a) and (b). Do the results agree?  
Is one method significantly easier?

 28. The systems shown in Figure P5.28 are in equilibrium. 
If the spring scales are calibrated in newtons, what do 
they read? Ignore the masses of the pulleys and strings 
and assume the pulleys and the incline in Figure 
P5.28d are frictionless.

E

N

S

W
220 N

nS

P
S

u

Figure P5.27

Q/C

W

 29. Assume the three blocks portrayed in Figure P5.29 
move on a frictionless surface and a 42-N force acts as 
shown on the 3.0-kg block. Determine (a) the accelera-
tion given this system, (b) the tension in the cord con-
necting the 3.0-kg and the 1.0-kg blocks, and (c) the 
force exerted by the 1.0-kg block on the 2.0-kg block.

42 N
1.0 kg

2.0 kg
3.0 kg

Figure P5.29

 30. A block slides down a frictionless plane having an incli-
nation of u 5 15.0°. The block starts from rest at the 
top, and the length of the incline is 2.00 m. (a) Draw a 
free-body diagram of the block. Find (b) the accelera-
tion of the block and (c) its speed when it reaches the 
bottom of the incline.

 31. The distance between two telephone poles is 50.0 m. 
When a 1.00-kg bird lands on the telephone wire mid-
way between the poles, the wire sags 0.200 m. (a) Draw 
a free-body diagram of the bird. (b) How much tension 
does the bird produce in the wire? Ignore the weight of 
the wire.

 32. A 3.00-kg object is moving in a plane, with its x and y 
coordinates given by x 5 5t 2 2 1 and y 5 3t 3 1 2, 
where x and y are in meters and t is in seconds. Find 
the magnitude of the net force acting on this object at 
t 5 2.00 s.

 33. A bag of cement weighing 325 N  
hangs in equilibrium from 
three wires as suggested in Fig-
ure P5.33. Two of the wires make 
angles u1 5 60.0° and u2 5 40.0°  
with the horizontal. Assuming 
the system is in equilibrium, 
find the tensions T1, T2, and T3 
in the wires.

 34. A bag of cement whose weight 
is Fg hangs in equilibrium from 
three wires as shown in Figure 
P5.33. Two of the wires make 
angles u1 and u2 with the horizontal. Assuming the sys-
tem is in equilibrium, show that the tension in the left-
hand wire is

T1 5
Fg cos u2

sin 1u1 1 u2 2
 35. Two people pull as hard as they can on horizontal 

ropes attached to a boat that has a mass of 200 kg.  
If they pull in the same direction, the boat has an 
acceleration of 1.52 m/s2 to the right. If they pull in 
opposite directions, the boat has an acceleration of 
0.518 m/s2 to the left. What is the magnitude of the 
force each person exerts on the boat? Disregard any 
other horizontal forces on the boat.

M

W

W
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E

M
E

N
T

T1 T2

T3

u2u1

Fg

Figure P5.33  
Problems 33 and 34.
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5.00 kg

5.00 kg 5.00 kg

5.00 kg 5.00 kg

a b

c

5.00 kg

30.0!

d

Figure P5.28



Summary

• tension and statics

• more accelerating elevators

• pulleys

Homework
Walker Physics:

• Ch 6, onward from page 177. Questions: 1; Problems: 31, 35,
99 (statics)

• Ch 6, Problems: 32 & 33, 37 (pulleys)


