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Last time

• more friction examples

• springs

• circular motion



Overview

• circular motion

• banked turns

• non-uniform circular motion and tangential acceleration



Circular motion example

Last lecture we did an example with a car making a turn on a
horizontal road surface...

Sketch:

EXAMPLE 6–8 Rounding a Corner
A 1200-kg car rounds a corner of radius If the coefficient of static friction between the tires and the road is 
what is the greatest speed the car can have in the corner without skidding?

Picture the Problem
In the first sketch we show a bird’s-eye view of the car as it moves along its circular path. The next sketch shows the car moving
directly toward the observer. Note that we have chosen the positive x direction to point toward the center of the circular path, and
the positive y axis to point vertically upward. We also indicate the three forces acting on the car: gravity, the
normal force, and the force of static friction,

Strategy
In this system, the force of static friction provides the centripetal force required for the car to move in a circular path. That is why the
force of friction is at right angles to the car’s direction of motion; it is directed toward the center of the circle. In addition, the friction
in this case is static because the car’s tires are rolling without slipping—always making static contact with the ground. Finally, if
the car moves faster, more centripetal force (i.e., more friction) is required. Thus, the greatest speed for the car corresponds to the
maximum static friction, Hence, if we set equal to the centripetal force, we can solve for v.
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Finally, then, the instantaneous acceleration at point P is

6–14

As mentioned, the direction of the acceleration is toward the center of the circle,
and now we see that its magnitude is

6–15

We can summarize these results as follows:

• When an object moves in a circle of radius r with constant speed v, its cen-
tripetal acceleration is 

• A force must be applied to an object to give it circular motion. For an object
of mass m, the net force acting on it must have a magnitude given by

6–16

and must be directed toward the center of the circle.

Note that the centripetal force, can be produced in any number of ways.
For example, might be the tension in a string, as in the example with the ball,
or it might be due to friction between tires and the road, as when a car turns a cor-
ner. In addition, could be the force of gravity causing a satellite, or the Moon,
to orbit the Earth. Thus, is a force that must be present to cause circular mo-
tion, but the specific cause of varies from system to system.

We now show how these results for centripetal force and centripetal accelera-
tion can be applied in practice.
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▲ The people enjoying this carnival ride
are experiencing a centripetal acceleration
of roughly directed inward,
toward the axis of rotation. The force
needed to produce this acceleration,
which keeps the riders moving in a circu-
lar path, is provided by the horizontal
component of the tension in the chains.

10 m/s2

PROBLEM-SOLVING NOTE

Choice of Coordinate System: 
Circular Motion

In circular motion, it is convenient to
choose the coordinate system so that one
axis points toward the center of the cir-
cle. Then, we know that the acceleration
in that direction must be acp = v2>r.
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A Banked Turn

Curved roadways are often not flat. The are often banked, that is
sloped at an angle to the horizontal.

continued from previous page

Solution

1. Sum the x components of force to relate the force of static friction to the 
centripetal acceleration of the car: 
Since the car moves in a circular path, with the center of the circle in 
the x direction, it follows that Make this substitution, 
along with for the force of static friction:

2. Next, set the sum of the y components of force equal to zero (since ) 
to find the normal force, N: 
Solve for the normal force:

3. Substitute in step 1 and solve for v. Notice that the mass of 
the car cancels:

4. Substitute numerical values to determine v:

Insight
Note that the maximum speed is less if the radius is smaller (tighter corner) or if is smaller (slick road). The mass of the vehi-
cle, however, is irrelevant. For example, the maximum speed is precisely the same for a motorcycle rounding this corner as it is
for a large, heavily loaded truck.

Practice Problem
Suppose the situation described in this Example takes place on the Moon, where the acceleration of gravity is less than it is on
Earth. If a lunar rover goes around this same corner, is its maximum speed greater than, less than, or the same as the result found
in step 4? To check your answer, find the maximum speed for a lunar rover when it rounds a corner with and 
(On the Moon, ) [Answer: The maximum speed will be less. On the Moon we find ]
Some related homework problems: Problem 43, Problem 45, Problem 49

v = 7.7 m/s.g = 1.62 m/s2.
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If you try to round a corner too rapidly, you may experience a skid; that is,
your car may begin to slide sideways across the road. A common bit of road wis-
dom is that you should turn in the direction of the skid to regain control—which,
to most people, sounds counterintuitive. The advice is sound, however. Suppose,
for example, that you are turning to the left and begin to skid to the right. If you
turn more sharply to the left to try to correct for the skid, you simply reduce the
turning radius of your car, r. The result is that the centripetal acceleration, 
becomes larger, and an even larger force would be required from the road to make
the turn. The tendency to skid would therefore be increased. On the other hand, if
you turn slightly to the right when you start to skid, you increase your turning ra-
dius and the centripetal acceleration decreases. In this case your car may stop
skidding, and you can then regain control of your vehicle.

v2/r,

REAL-WORLD PHYSICS
Skids and banked roadways

▲ The steeply banked track at the Talladega Speedway in Alabama (left) helps to keep the rapidly moving cars from skidding off along a
tangential path. Even when there is no solid roadway, however, banking can still help—airplanes bank when making turns (center) to
keep from “skidding” sideways. Banking is beneficial in another way as well. Occupants of cars on a banked roadway or of a banking
airplane feel no sideways force when the banking angle is just right, so turns become a safer and more comfortable experience. For this
reason, some trains use hydraulic suspension systems to bank when rounding corners (right), even though the tracks themselves are level.
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This is so that a component of the normal force on the car can
help provide some or all of the centripetal force.

0Photo from Walker, “Physics”.



A Banked Turn

A turn has a radius r . What should the angle θ be so that a car
traveling at speed v can turn the corner without relying on friction?

EXAMPLE 6–9 Bank on It
If a roadway is banked at the proper angle, a car can round a corner without any assistance from friction between the tires and
the road. Find the appropriate banking angle for a 900-kg car traveling at 20.5 m/s in a turn of radius 85.0 m.

Picture the Problem
Note that we choose the positive y axis to point vertically
upward and the positive x direction to point toward the cen-
ter of the circular path. Since is perpendicular to the
banked roadway, it is at an angle to the y axis. Therefore,

and

Strategy
In order for the car to move in a circular path, there must be a
force acting on it in the positive x direction. Since the weight

has no x component, it follows that the normal force must supply the needed centripetal force. Thus, we find N by setting
since there is no motion in the y direction. Then we use N in to find the angle 

Solution

1. Start by determining N from the condition

2. Next, set 

3. Substitute (from ) and solve for using 
the fact that Notice that, once again, the 
mass of the car cancels:

4. Substitute numerical values to determine 

Insight
The symbolic result in Step 3 shows that the banking angle increases with increasing speed and decreasing radius of turn, as one
would expect.

From the point of view of a passenger, the experience of rounding a properly banked corner is basically the same as riding on
a level road—there are no “sideways forces” to make the turn uncomfortable. There is one small difference, however—the
passenger feels heavier due to the increased normal force.

Practice Problem
A turn of radius 65 m is banked at 30.0°. What speed should a car have in order to make the turn with no assistance from friction?
[Answer: ]

Some related homework problems: Problem 46, Problem 92
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You may also have noticed that many roads are tilted, or banked, when they
round a corner. The same type of banking is observed on many automobile
racetracks as well. Next time you drive around a banked curve, notice that the
banking tilts you in toward the center of the circular path you are following. This
is by design. On a banked curve, the normal force exerted by the road contributes
to the required centripetal force. If the tilt angle is just right, the normal force pro-
vides all of the centripetal force so that the car can negotiate the curve even if there
is no friction between its tires and the road. The next Example determines the op-
timum banking angle for a given speed and given radius of turn.

If you’ve ever driven through a dip in the road, you know that you feel mo-
mentarily heavier near the bottom of the dip, just like a passenger in Example 6–9.
This change in apparent weight is due to the approximately circular motion of the
car, as we show next.
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Hint: consider what the net force vector must be in this case.



A Banked Turn

A turn has a radius r . What should the angle θ be so that a car
traveling at speed v can turn the corner without relying on friction?

EXAMPLE 6–9 Bank on It
If a roadway is banked at the proper angle, a car can round a corner without any assistance from friction between the tires and
the road. Find the appropriate banking angle for a 900-kg car traveling at 20.5 m/s in a turn of radius 85.0 m.

Picture the Problem
Note that we choose the positive y axis to point vertically
upward and the positive x direction to point toward the cen-
ter of the circular path. Since is perpendicular to the
banked roadway, it is at an angle to the y axis. Therefore,

and

Strategy
In order for the car to move in a circular path, there must be a
force acting on it in the positive x direction. Since the weight

has no x component, it follows that the normal force must supply the needed centripetal force. Thus, we find N by setting
since there is no motion in the y direction. Then we use N in to find the angle 

Solution

1. Start by determining N from the condition

2. Next, set 

3. Substitute (from ) and solve for using 
the fact that Notice that, once again, the 
mass of the car cancels:

4. Substitute numerical values to determine 

Insight
The symbolic result in Step 3 shows that the banking angle increases with increasing speed and decreasing radius of turn, as one
would expect.

From the point of view of a passenger, the experience of rounding a properly banked corner is basically the same as riding on
a level road—there are no “sideways forces” to make the turn uncomfortable. There is one small difference, however—the
passenger feels heavier due to the increased normal force.

Practice Problem
A turn of radius 65 m is banked at 30.0°. What speed should a car have in order to make the turn with no assistance from friction?
[Answer: ]

Some related homework problems: Problem 46, Problem 92
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You may also have noticed that many roads are tilted, or banked, when they
round a corner. The same type of banking is observed on many automobile
racetracks as well. Next time you drive around a banked curve, notice that the
banking tilts you in toward the center of the circular path you are following. This
is by design. On a banked curve, the normal force exerted by the road contributes
to the required centripetal force. If the tilt angle is just right, the normal force pro-
vides all of the centripetal force so that the car can negotiate the curve even if there
is no friction between its tires and the road. The next Example determines the op-
timum banking angle for a given speed and given radius of turn.

If you’ve ever driven through a dip in the road, you know that you feel mo-
mentarily heavier near the bottom of the dip, just like a passenger in Example 6–9.
This change in apparent weight is due to the approximately circular motion of the
car, as we show next.
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A Banked Turn

EXAMPLE 6–9 Bank on It
If a roadway is banked at the proper angle, a car can round a corner without any assistance from friction between the tires and
the road. Find the appropriate banking angle for a 900-kg car traveling at 20.5 m/s in a turn of radius 85.0 m.

Picture the Problem
Note that we choose the positive y axis to point vertically
upward and the positive x direction to point toward the cen-
ter of the circular path. Since is perpendicular to the
banked roadway, it is at an angle to the y axis. Therefore,

and

Strategy
In order for the car to move in a circular path, there must be a
force acting on it in the positive x direction. Since the weight

has no x component, it follows that the normal force must supply the needed centripetal force. Thus, we find N by setting
since there is no motion in the y direction. Then we use N in to find the angle 

Solution

1. Start by determining N from the condition

2. Next, set 

3. Substitute (from ) and solve for using 
the fact that Notice that, once again, the 
mass of the car cancels:

4. Substitute numerical values to determine 

Insight
The symbolic result in Step 3 shows that the banking angle increases with increasing speed and decreasing radius of turn, as one
would expect.

From the point of view of a passenger, the experience of rounding a properly banked corner is basically the same as riding on
a level road—there are no “sideways forces” to make the turn uncomfortable. There is one small difference, however—the
passenger feels heavier due to the increased normal force.

Practice Problem
A turn of radius 65 m is banked at 30.0°. What speed should a car have in order to make the turn with no assistance from friction?
[Answer: ]

Some related homework problems: Problem 46, Problem 92
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You may also have noticed that many roads are tilted, or banked, when they
round a corner. The same type of banking is observed on many automobile
racetracks as well. Next time you drive around a banked curve, notice that the
banking tilts you in toward the center of the circular path you are following. This
is by design. On a banked curve, the normal force exerted by the road contributes
to the required centripetal force. If the tilt angle is just right, the normal force pro-
vides all of the centripetal force so that the car can negotiate the curve even if there
is no friction between its tires and the road. The next Example determines the op-
timum banking angle for a given speed and given radius of turn.

If you’ve ever driven through a dip in the road, you know that you feel mo-
mentarily heavier near the bottom of the dip, just like a passenger in Example 6–9.
This change in apparent weight is due to the approximately circular motion of the
car, as we show next.
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A Banked Turn

EXAMPLE 6–9 Bank on It
If a roadway is banked at the proper angle, a car can round a corner without any assistance from friction between the tires and
the road. Find the appropriate banking angle for a 900-kg car traveling at 20.5 m/s in a turn of radius 85.0 m.

Picture the Problem
Note that we choose the positive y axis to point vertically
upward and the positive x direction to point toward the cen-
ter of the circular path. Since is perpendicular to the
banked roadway, it is at an angle to the y axis. Therefore,

and

Strategy
In order for the car to move in a circular path, there must be a
force acting on it in the positive x direction. Since the weight

has no x component, it follows that the normal force must supply the needed centripetal force. Thus, we find N by setting
since there is no motion in the y direction. Then we use N in to find the angle 

Solution

1. Start by determining N from the condition

2. Next, set 

3. Substitute (from ) and solve for using 
the fact that Notice that, once again, the 
mass of the car cancels:

4. Substitute numerical values to determine 

Insight
The symbolic result in Step 3 shows that the banking angle increases with increasing speed and decreasing radius of turn, as one
would expect.

From the point of view of a passenger, the experience of rounding a properly banked corner is basically the same as riding on
a level road—there are no “sideways forces” to make the turn uncomfortable. There is one small difference, however—the
passenger feels heavier due to the increased normal force.

Practice Problem
A turn of radius 65 m is banked at 30.0°. What speed should a car have in order to make the turn with no assistance from friction?
[Answer: ]

Some related homework problems: Problem 46, Problem 92
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You may also have noticed that many roads are tilted, or banked, when they
round a corner. The same type of banking is observed on many automobile
racetracks as well. Next time you drive around a banked curve, notice that the
banking tilts you in toward the center of the circular path you are following. This
is by design. On a banked curve, the normal force exerted by the road contributes
to the required centripetal force. If the tilt angle is just right, the normal force pro-
vides all of the centripetal force so that the car can negotiate the curve even if there
is no friction between its tires and the road. The next Example determines the op-
timum banking angle for a given speed and given radius of turn.

If you’ve ever driven through a dip in the road, you know that you feel mo-
mentarily heavier near the bottom of the dip, just like a passenger in Example 6–9.
This change in apparent weight is due to the approximately circular motion of the
car, as we show next.
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A Banked Turn

EXAMPLE 6–9 Bank on It
If a roadway is banked at the proper angle, a car can round a corner without any assistance from friction between the tires and
the road. Find the appropriate banking angle for a 900-kg car traveling at 20.5 m/s in a turn of radius 85.0 m.

Picture the Problem
Note that we choose the positive y axis to point vertically
upward and the positive x direction to point toward the cen-
ter of the circular path. Since is perpendicular to the
banked roadway, it is at an angle to the y axis. Therefore,

and

Strategy
In order for the car to move in a circular path, there must be a
force acting on it in the positive x direction. Since the weight

has no x component, it follows that the normal force must supply the needed centripetal force. Thus, we find N by setting
since there is no motion in the y direction. Then we use N in to find the angle 

Solution

1. Start by determining N from the condition

2. Next, set 

3. Substitute (from ) and solve for using 
the fact that Notice that, once again, the 
mass of the car cancels:

4. Substitute numerical values to determine 

Insight
The symbolic result in Step 3 shows that the banking angle increases with increasing speed and decreasing radius of turn, as one
would expect.

From the point of view of a passenger, the experience of rounding a properly banked corner is basically the same as riding on
a level road—there are no “sideways forces” to make the turn uncomfortable. There is one small difference, however—the
passenger feels heavier due to the increased normal force.

Practice Problem
A turn of radius 65 m is banked at 30.0°. What speed should a car have in order to make the turn with no assistance from friction?
[Answer: ]

Some related homework problems: Problem 46, Problem 92
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You may also have noticed that many roads are tilted, or banked, when they
round a corner. The same type of banking is observed on many automobile
racetracks as well. Next time you drive around a banked curve, notice that the
banking tilts you in toward the center of the circular path you are following. This
is by design. On a banked curve, the normal force exerted by the road contributes
to the required centripetal force. If the tilt angle is just right, the normal force pro-
vides all of the centripetal force so that the car can negotiate the curve even if there
is no friction between its tires and the road. The next Example determines the op-
timum banking angle for a given speed and given radius of turn.

If you’ve ever driven through a dip in the road, you know that you feel mo-
mentarily heavier near the bottom of the dip, just like a passenger in Example 6–9.
This change in apparent weight is due to the approximately circular motion of the
car, as we show next.
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A Banked Turn

EXAMPLE 6–9 Bank on It
If a roadway is banked at the proper angle, a car can round a corner without any assistance from friction between the tires and
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Insight
The symbolic result in Step 3 shows that the banking angle increases with increasing speed and decreasing radius of turn, as one
would expect.

From the point of view of a passenger, the experience of rounding a properly banked corner is basically the same as riding on
a level road—there are no “sideways forces” to make the turn uncomfortable. There is one small difference, however—the
passenger feels heavier due to the increased normal force.
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A turn of radius 65 m is banked at 30.0°. What speed should a car have in order to make the turn with no assistance from friction?
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You may also have noticed that many roads are tilted, or banked, when they
round a corner. The same type of banking is observed on many automobile
racetracks as well. Next time you drive around a banked curve, notice that the
banking tilts you in toward the center of the circular path you are following. This
is by design. On a banked curve, the normal force exerted by the road contributes
to the required centripetal force. If the tilt angle is just right, the normal force pro-
vides all of the centripetal force so that the car can negotiate the curve even if there
is no friction between its tires and the road. The next Example determines the op-
timum banking angle for a given speed and given radius of turn.

If you’ve ever driven through a dip in the road, you know that you feel mo-
mentarily heavier near the bottom of the dip, just like a passenger in Example 6–9.
This change in apparent weight is due to the approximately circular motion of the
car, as we show next.
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x-direction (horizontal):

Fx ,net = macp

Nx =
mv2

r

N sin θ =
mv2

r

mg

cos θ
sin θ =

mv2

r

tan θ =
v2

rg
⇒ θ = tan−1

(
v2

rg

)



Banked Turn Related Problems

This situation is called a “conical pendulum”. But notice, it is
actually a banked-turn-style problem in disguise!

176 CHAPTER 6 APPLICATIONS OF NEWTON’S LAWS

65. ••Aball of mass m is placed in a wedge, as shown in Figure 6–37,
in which the two walls meet at a right angle. Assuming the walls
of the wedge are frictionless, determine the magnitude of (a) con-
tact force 1 and (b) contact force 2.

66. •• A 2.0-kg box rests on a plank that is inclined at an angle of
65° above the horizontal. The upper end of the box is attached
to a spring with a force constant of 360 N/m, as shown in
Figure 6–38. If the coefficient of static friction between the box
and the plank is 0.22, what is the maximum amount the spring
can be stretched and the box remain at rest?

67. •• IP The blocks shown in Figure 6–39 are at rest. (a) Find the
frictional force exerted on block A given that the mass of block A
is 8.50 kg, the mass of block B is 2.25 kg, and the coefficient of
static friction between block A and the surface on which it rests
is 0.320. (b) If the mass of block A is doubled, does the frictional
force exerted on it increase, decrease, or stay the same? Explain.

68. •• In part (a) of Problem 67, what is the maximum mass block B
can have and the system still be in equilibrium?

69. •• IP A picture hangs on the wall suspended by two strings,
as shown in Figure 6–24. The tension in string 2 is 1.7 N. (a) Is
the tension in string 1 greater than, less than or equal to 1.7 N?
Explain. (b) Verify your answer to part (a) by calculating the
tension in string 1. (c) What is the mass of the picture?

70. •• IP Referring to Problem 49, suppose the Ferris wheel rotates
fast enough to make you feel “weightless” at the top. (a) How
many seconds does it take to complete one revolution in this
case? (b) How does your answer to part (a) depend on your
mass? Explain. (c) What is the direction and magnitude of your
acceleration when you are at the bottom of the wheel? Assume
that its rotational speed has remained constant.

71. •• A Conical Pendulum A 0.075-kg toy airplane is tied to the
ceiling with a string. When the airplane’s motor is started, it
moves with a constant speed of 1.21 m/s in a horizontal circle of
radius 0.44 m, as illustrated in Figure 6–40. Find (a) the angle the
string makes with the vertical and (b) the tension in the string.

20°

mg Contact
force 2

Center line

Contact
force 1

▲ FIGURE 6–37 Problem 65

65°

2.0 kg

▲ FIGURE 6–38 Problem 66

A
45°

B

▲ FIGURE 6–39 Problems 67 and 68

72. •• A tugboat tows a barge at constant speed with a 3500-kg
cable, as shown in Figure 6–41. If the angle the cable makes
with the horizontal where it attaches to the barge and the
tugboat is 22°, find the force the cable exerts on the barge in the
forward direction.

73. •• IP Two blocks, stacked one on top of the other, can move
without friction on the horizontal surface shown in Figure 6–42.
The surface between the two blocks is rough, however, with a
coefficient of static friction equal to 0.47. (a) If a horizontal force
F is applied to the 5.0-kg bottom block, what is the maximum
value F can have before the 2.0-kg top block begins to slip? (b) If
the mass of the top block is increased, does the maximum value
of F increase, decrease, or stay the same? Explain.

!

▲ FIGURE 6–40 Problem 71

22°22°

▲ FIGURE 6–41 Problem 72

F

2.0 kg

5.0 kg

▲ FIGURE 6–42 Problem 73

74. •• Find the coefficient of kinetic friction between a 4.5-kg
block and the horizontal surface on which it rests if an 85 N/m
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The role that was played by the normal force in the banked turn
problem is now played by the tension in the string.

1See prob 85, Ch 6.



Uniform Circular Motion

The velocity vector points along a tangent to the circle

 4.4 Analysis Model: Particle In Uniform Circular Motion 93

continued

Combining this equation with Equation 4.15, we find a relationship between angular 
speed and the translational speed with which the particle travels in the circular path:

 v 5 2pa v
2pr

b 5
v
r  S      v 5 rv (4.17)

Equation 4.17 demonstrates that, for a fixed angular speed, the translational speed 
becomes larger as the radial position becomes larger. Therefore, for example, if a 
merry-go-round rotates at a fixed angular speed v, a rider at an outer position at 
large r will be traveling through space faster than a rider at an inner position at 
smaller r. We will investigate Equations 4.16 and 4.17 more deeply in Chapter 10.
 We can express the centripetal acceleration of a particle in uniform circular 
motion in terms of angular speed by combining Equations 4.14 and 4.17:

ac 5
1rv 22

r
 ac 5 rv2 (4.18)

Equations 4.14–4.18 are to be used when the particle in uniform circular motion 
model is identified as appropriate for a given situation.

Q uick Quiz 4.4  A particle moves in a circular path of radius r with speed v. It then 
increases its speed to 2v while traveling along the same circular path. (i) The cen-
tripetal acceleration of the particle has changed by what factor? Choose one:  
(a) 0.25 (b) 0.5 (c) 2 (d) 4 (e) impossible to determine (ii) From the same choices,  
by what factor has the period of the particle changed?

Analysis Model   Particle in Uniform Circular Motion
Imagine a moving object that can be modeled as a particle. If it moves 
in a circular path of radius r at a constant speed v, the magnitude of its 
centripetal acceleration is 

 ac 5
v2

r
 (4.14)

and the period of the particle’s motion is given by 

 T 5
2pr
v

 (4.15)

The angular speed of the particle is

 v 5
2p

T
 (4.16)

Examples: 

of constant length 
-

fectly circular orbit (Chapter 13)
-

form magnetic field (Chapter 29)

nucleus in the Bohr model of the 
hydrogen atom (Chapter 42)

r

vSac
S

Example 4.6   The Centripetal Acceleration of the Earth 

(A) What is the centripetal acceleration of the Earth as it moves in its orbit around the Sun?

Conceptualize Think about a mental image of the Earth in a circular orbit around the Sun. We will model the Earth 
as a particle and approximate the Earth’s orbit as circular (it’s actually slightly elliptical, as we discuss in Chapter 13).

Categorize The Conceptualize step allows us to categorize this problem as one of a particle in uniform circular motion.

Analyze We do not know the orbital speed of the Earth to substitute into Equation 4.14. With the help of Equation 
4.15, however, we can recast Equation 4.14 in terms of the period of the Earth’s orbit, which we know is one year, and 
the radius of the Earth’s orbit around the Sun, which is 1.496 3 1011 m.

AM

S O L U T I O N

Pitfall Prevention 4.5
Centripetal Acceleration  
Is Not Constant We derived the 
magnitude of the centripetal 
acceleration vector and found it to 
be constant for uniform circular 
motion, but the centripetal accelera-
tion vector is not constant. It always 
points toward the center of the 
circle, but it continuously changes 
direction as the object moves 
around the circular path.

For uniform circular motion:

• the radius is constant

• the speed is constant

• the magnitude of the acceleration is constant



Non-uniform Circular Motion

A particle can speed up or slow down while following a circular arc.
It it does this it must have a component of its acceleration along
the direction of its velocity.

CHAPTER SUMMARY 167

Thus, a centrifuge can produce centripetal accelerations that are many thou-
sand times greater than the acceleration of gravity. In fact, devices referred to as
ultracentrifuges can produce accelerations as great as 1 million g. Even in the rel-
atively modest case considered in Exercise 6–1, the forces involved in a centrifuge
can be quite significant. For example, if the contents of the test tube have a mass
of 12.0 g, the centripetal force that must be exerted by the bottom of the tube is

or about 250 lbs!
Finally, an object moving in a circular path may increase or decrease its speed.

In such a case, the object has both an acceleration tangential to its path that
changes its speed, plus a centripetal acceleration perpendicular to its path, 
that changes its direction of motion. Such a situation is illustrated in Figure 6–15.
The total acceleration of the object is the vector sum of and We will explore
this case more fully in Chapter 10.

a
!
cp.a

!
t

a
!
cp,a

!
t,

10.0120 kg219560 g2 = 1130 N,

EXERCISE 6–1
The centrifuge in Figure 6–14 rotates at a rate that gives the bottom of the test tube a lin-
ear speed of 89.3 m/s. If the bottom of the test tube is 8.50 cm from the axis of rotation,
what is the centripetal acceleration experienced there?

Solution

Applying the relation yields

In this expression, g is the acceleration of gravity, 9.81 m/s2.

acp = v2

r
=
189.3 m/s22

0.0850 m
= 93,800 m/s2 = 9560 g

acp = v2/r

O
x

y

acp

atotal

at

▲ FIGURE 6–15 A particle moving in a
circular path with tangential acceleration
In this case, the particle’s speed is
increasing at the rate given by at.

Chapter Summary
6–1 Frictional Forces

Frictional forces are due to the microscopic roughness of surfaces in contact. As
a rule of thumb, friction is independent of the area of contact and independent
of the relative speed of the surfaces.
Kinetic Friction
Friction experienced by surfaces that are in contact and moving relative to one
another. The force of kinetic friction is given by

6–1

In this expression, is the coefficient of kinetic friction and N is the magnitude
of the normal force.
Static Friction
Friction experienced by surfaces that are in static contact. The maximum force of
static friction is given by

6–3

In this expression, is the coefficient of static friction and N is the magnitude of
the normal force. The force of static friction can have any magnitude between
zero and its maximum value.

6–2 Strings and Springs

Strings and springs provide a common way of exerting forces on objects. Ideal
strings and springs are massless.
Tension
The force transmitted through a string. The tension is the same throughout the
length of an ideal string.
Hooke’s Law
The force exerted by an ideal spring stretched by the amount x is

6–4Fx = -kx

ms

fs,max = msN

mk

fk = mkN

0

v

W
N

Ffk

m

40.0°
40.0°
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1Figure from Walker, “Physics”.



Non-uniform Circular Motion
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atively modest case considered in Exercise 6–1, the forces involved in a centrifuge
can be quite significant. For example, if the contents of the test tube have a mass
of 12.0 g, the centripetal force that must be exerted by the bottom of the tube is
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Finally, an object moving in a circular path may increase or decrease its speed.

In such a case, the object has both an acceleration tangential to its path that
changes its speed, plus a centripetal acceleration perpendicular to its path, 
that changes its direction of motion. Such a situation is illustrated in Figure 6–15.
The total acceleration of the object is the vector sum of and We will explore
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▲ FIGURE 6–15 A particle moving in a
circular path with tangential acceleration
In this case, the particle’s speed is
increasing at the rate given by at.

Chapter Summary
6–1 Frictional Forces

Frictional forces are due to the microscopic roughness of surfaces in contact. As
a rule of thumb, friction is independent of the area of contact and independent
of the relative speed of the surfaces.
Kinetic Friction
Friction experienced by surfaces that are in contact and moving relative to one
another. The force of kinetic friction is given by

6–1

In this expression, is the coefficient of kinetic friction and N is the magnitude
of the normal force.
Static Friction
Friction experienced by surfaces that are in static contact. The maximum force of
static friction is given by

6–3

In this expression, is the coefficient of static friction and N is the magnitude of
the normal force. The force of static friction can have any magnitude between
zero and its maximum value.

6–2 Strings and Springs

Strings and springs provide a common way of exerting forces on objects. Ideal
strings and springs are massless.
Tension
The force transmitted through a string. The tension is the same throughout the
length of an ideal string.
Hooke’s Law
The force exerted by an ideal spring stretched by the amount x is

6–4Fx = -kx

ms

fs,max = msN

mk
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The centripetal acceleration acp is toward the center of the circle
and changes the direction of the velocity.

The tangential acceleration at is tangent to the circle and causes a
change of speed.



Radial and Tangential Accelerations Problems 105

 41. A train slows down as it rounds a sharp horizontal 
turn, going from 90.0 km/h to 50.0 km/h in the 15.0 s  
it takes to round the bend. The radius of the curve is 
150 m. Compute the acceleration at the moment the 
train speed reaches 50.0 km/h. Assume the train con-
tinues to slow down at this time at the same rate.

 42. A ball swings counterclockwise in a vertical circle at 
the end of a rope 1.50 m long. When the ball is 36.9° 
past the lowest point on its way up, its total acceleration 
is 1222.5 î 1 20.2 ĵ 2  m/s2. For that instant, (a) sketch a 
vector diagram showing the components of its acceler-
ation, (b) determine the magnitude of its radial accel-
eration, and (c) determine the speed and velocity of 
the ball.

 43. (a) Can a particle moving with instantaneous speed 
3.00  m/s on a path with radius of curvature 2.00 m 
have an acceleration of magnitude 6.00 m/s2? (b) Can 
it have an acceleration of magnitude 4.00 m/s2? In 
each case, if the answer is yes, explain how it can hap-
pen; if the answer is no, explain why not.

Section 4.6 Relative Velocity and Relative Acceleration
 44. The pilot of an airplane notes that the compass indi-

cates a heading due west. The airplane’s speed relative 
to the air is 150 km/h. The air is moving in a wind at 
30.0 km/h toward the north. Find the velocity of the 
airplane relative to the ground.

 45. An airplane maintains a speed of 630 km/h relative 
to the air it is flying through as it makes a trip to a 
city 750 km away to the north. (a) What time interval is 
required for the trip if the plane flies through a head-
wind blowing at 35.0 km/h toward the south? (b) What 
time interval is required if there is a tailwind with the 
same speed? (c) What time interval is required if there 
is a crosswind blowing at 35.0 km/h to the east relative 
to the ground?

 46. A moving beltway at an airport has a speed v1 and a 
length L. A woman stands on the beltway as it moves 
from one end to the other, while a man in a hurry to 
reach his flight walks on the beltway with a speed of 
v2 relative to the moving beltway. (a) What time inter-
val is required for the woman to travel the distance L? 
(b) What time interval is required for the man to travel 
this distance? (c) A second beltway is located next  
to the first one. It is identical to the first one but moves 
in the opposite direction at speed v1. Just as the man 
steps onto the beginning of the beltway and begins to 
walk at speed v2 relative to his beltway, a child steps on 
the other end of the adjacent beltway. The child stands 
at rest relative to this second beltway. How long after 
stepping on the beltway does the man pass the child?

 47. A police car traveling at 95.0 km/h is traveling west, 
chasing a motorist traveling at 80.0 km/h. (a) What is 
the velocity of the motorist relative to the police car? 
(b) What is the velocity of the police car relative to the 
motorist? (c) If they are originally 250 m apart, in what 
time interval will the police car overtake the motorist?

 48. A car travels due east with a speed of 50.0 km/h. Rain-
drops are falling at a constant speed vertically with 

M

S

M

   Suppose a copper sleeve of inner radius 2.10 cm 
and outer radius 2.20 cm is to be cast. To eliminate 
bubbles and give high structural integrity, the cen-
tripetal acceleration of each bit of metal should be at 
least 100g. What rate of rotation is required? State the 
answer in revolutions per minute.

 36. A tire 0.500 m in radius rotates at a constant rate of 
200 rev/min. Find the speed and acceleration of a small 
stone lodged in the tread of the tire (on its outer edge).

 37. Review. The 20-g centrifuge at NASA’s Ames Research 
Center in Mountain View, California, is a horizontal, 
cylindrical tube 58.0 ft long and is represented in Fig-
ure P4.37. Assume an astronaut in training sits in a 
seat at one end, facing the axis of rotation 29.0 ft away. 
Determine the rotation rate, in revolutions per second, 
required to give the astronaut a centripetal accelera-
tion of 20.0g.

29 ft

Figure P4.37

 38. An athlete swings a ball, connected to the end of a chain, 
in a horizontal circle. The athlete is able to rotate the 
ball at the rate of 8.00 rev/s when the length of the chain 
is 0.600 m. When he increases the length to 0.900 m, he 
is able to rotate the ball only 6.00 rev/s. (a) Which rate of 
rotation gives the greater speed for the ball? (b) What is 
the centripetal acceleration of the ball at 8.00 rev/s? 
(c) What is the centripetal acceleration at 6.00 rev/s?

 39. The astronaut orbit-
ing the Earth in Figure 
P4.39 is preparing to 
dock with a Westar VI 
satellite. The satellite 
is in a circular orbit  
600 km above the 
Earth’s surface, where 
the free-fall accelera-
tion is 8.21 m/s2. Take 
the radius of the Earth 
as 6 400 km. Determine the speed of the satellite and 
the time interval required to complete one orbit around 
the Earth, which is the period of the satellite.

Section 4.5 Tangential and Radial Acceleration
 40. Figure P4.40 represents the 

total acceleration of a particle 
moving clockwise in a circle 
of radius 2.50  m at a certain 
instant of time. For that instant, 
find (a) the radial acceleration 
of the particle, (b) the speed of 
the particle, and (c) its tangen-
tial acceleration.

AMT

Figure P4.39

30.0!

2.50 m

a " 15.0 m/s2

vS
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Figure P4.40
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P4.41 Since the train is changing both its speed and 
direction, the acceleration vector will be the 
vector sum of the tangential and radial 
acceleration components. The tangential 
acceleration can be found from the changing 
speed and elapsed time, while the radial 
acceleration can be found from the radius of 
curvature and the train’s speed. 

  First, let’s convert the speed units from km/h 
to m/s: 

    

  

vi = 90.0 km/h = (90.0 km/h)(103  m/km)(1 h/3600 s)
= 25.0 m/s

 

   

  

v f = 50.0 km/h = (50.0 km/h)(103  m/km)(1 h/3600 s)

= 13.9 m/s

 

  The tangential acceleration and radial acceleration are, respectively, 
     

  
at =

Δv
Δt = 13.9 m/s – 25.0 m/s

15.0 s = – 0.741 m/s2     (backward)
  

  and   
  
ar =

v2

r = (13.9 m/s)2

150 m = 1.29 m/s    (inward)  

 so  
  
a = ac

2 + at
2 = 1.29 m/s2( )2

+ −0.741 m/s2( )2
= 1.48 m/s2  

 at an angle of  
   

  
tan−1 at

ac

⎛
⎝⎜

⎞
⎠⎟
= tan−1 0.741 m/s2

1.29 m/s2

⎛
⎝⎜

⎞
⎠⎟
= 29.9°

 

 therefore, 
   

a = 1.48 m/s2 inward and 29.9° backward  

P4.42 (a) See ANS. FIG. P4.42. 

 (b) The components of the 20.2 m/s2 and the  
22.5 m/s2 accelerations along the rope together  
constitute the centripetal acceleration: 

   

  

ac = 22.5 m s2( ) cos 90.0° − 36.9°( )
          + 20.2 m s2( ) cos 36.9° = 29.7  m s2

 

 (c) 
  
ac =

v2

r
so v = acr = 29.7 m/s2 (1.50 m) = 6.67 m/s  tangent to 

the circle. 

ANS. FIG. P4.41 

ANS. FIG. P4.42 

1Page 93, Serway & Jewett.
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 41. A train slows down as it rounds a sharp horizontal 
turn, going from 90.0 km/h to 50.0 km/h in the 15.0 s  
it takes to round the bend. The radius of the curve is 
150 m. Compute the acceleration at the moment the 
train speed reaches 50.0 km/h. Assume the train con-
tinues to slow down at this time at the same rate.
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vector diagram showing the components of its acceler-
ation, (b) determine the magnitude of its radial accel-
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the ball.

 43. (a) Can a particle moving with instantaneous speed 
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it have an acceleration of magnitude 4.00 m/s2? In 
each case, if the answer is yes, explain how it can hap-
pen; if the answer is no, explain why not.

Section 4.6 Relative Velocity and Relative Acceleration
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to the air is 150 km/h. The air is moving in a wind at 
30.0 km/h toward the north. Find the velocity of the 
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to the air it is flying through as it makes a trip to a 
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same speed? (c) What time interval is required if there 
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from one end to the other, while a man in a hurry to 
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   Suppose a copper sleeve of inner radius 2.10 cm 
and outer radius 2.20 cm is to be cast. To eliminate 
bubbles and give high structural integrity, the cen-
tripetal acceleration of each bit of metal should be at 
least 100g. What rate of rotation is required? State the 
answer in revolutions per minute.

 36. A tire 0.500 m in radius rotates at a constant rate of 
200 rev/min. Find the speed and acceleration of a small 
stone lodged in the tread of the tire (on its outer edge).

 37. Review. The 20-g centrifuge at NASA’s Ames Research 
Center in Mountain View, California, is a horizontal, 
cylindrical tube 58.0 ft long and is represented in Fig-
ure P4.37. Assume an astronaut in training sits in a 
seat at one end, facing the axis of rotation 29.0 ft away. 
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required to give the astronaut a centripetal accelera-
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 38. An athlete swings a ball, connected to the end of a chain, 
in a horizontal circle. The athlete is able to rotate the 
ball at the rate of 8.00 rev/s when the length of the chain 
is 0.600 m. When he increases the length to 0.900 m, he 
is able to rotate the ball only 6.00 rev/s. (a) Which rate of 
rotation gives the greater speed for the ball? (b) What is 
the centripetal acceleration of the ball at 8.00 rev/s? 
(c) What is the centripetal acceleration at 6.00 rev/s?

 39. The astronaut orbit-
ing the Earth in Figure 
P4.39 is preparing to 
dock with a Westar VI 
satellite. The satellite 
is in a circular orbit  
600 km above the 
Earth’s surface, where 
the free-fall accelera-
tion is 8.21 m/s2. Take 
the radius of the Earth 
as 6 400 km. Determine the speed of the satellite and 
the time interval required to complete one orbit around 
the Earth, which is the period of the satellite.

Section 4.5 Tangential and Radial Acceleration
 40. Figure P4.40 represents the 

total acceleration of a particle 
moving clockwise in a circle 
of radius 2.50  m at a certain 
instant of time. For that instant, 
find (a) the radial acceleration 
of the particle, (b) the speed of 
the particle, and (c) its tangen-
tial acceleration.
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P4.41 Since the train is changing both its speed and 
direction, the acceleration vector will be the 
vector sum of the tangential and radial 
acceleration components. The tangential 
acceleration can be found from the changing 
speed and elapsed time, while the radial 
acceleration can be found from the radius of 
curvature and the train’s speed. 

  First, let’s convert the speed units from km/h 
to m/s: 

    

  

vi = 90.0 km/h = (90.0 km/h)(103  m/km)(1 h/3600 s)
= 25.0 m/s

 

   

  

v f = 50.0 km/h = (50.0 km/h)(103  m/km)(1 h/3600 s)

= 13.9 m/s

 

  The tangential acceleration and radial acceleration are, respectively, 
     

  
at =

Δv
Δt = 13.9 m/s – 25.0 m/s

15.0 s = – 0.741 m/s2     (backward)
  

  and   
  
ar =

v2

r = (13.9 m/s)2

150 m = 1.29 m/s    (inward)  

 so  
  
a = ac

2 + at
2 = 1.29 m/s2( )2

+ −0.741 m/s2( )2
= 1.48 m/s2  

 at an angle of  
   

  
tan−1 at

ac

⎛
⎝⎜

⎞
⎠⎟
= tan−1 0.741 m/s2

1.29 m/s2

⎛
⎝⎜

⎞
⎠⎟
= 29.9°

 

 therefore, 
   

a = 1.48 m/s2 inward and 29.9° backward  

P4.42 (a) See ANS. FIG. P4.42. 

 (b) The components of the 20.2 m/s2 and the  
22.5 m/s2 accelerations along the rope together  
constitute the centripetal acceleration: 

   

  

ac = 22.5 m s2( ) cos 90.0° − 36.9°( )
          + 20.2 m s2( ) cos 36.9° = 29.7  m s2

 

 (c) 
  
ac =

v2

r
so v = acr = 29.7 m/s2 (1.50 m) = 6.67 m/s  tangent to 

the circle. 

ANS. FIG. P4.41 

ANS. FIG. P4.42 
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Radial and Tangential Accelerations Problems 105

 41. A train slows down as it rounds a sharp horizontal 
turn, going from 90.0 km/h to 50.0 km/h in the 15.0 s  
it takes to round the bend. The radius of the curve is 
150 m. Compute the acceleration at the moment the 
train speed reaches 50.0 km/h. Assume the train con-
tinues to slow down at this time at the same rate.

 42. A ball swings counterclockwise in a vertical circle at 
the end of a rope 1.50 m long. When the ball is 36.9° 
past the lowest point on its way up, its total acceleration 
is 1222.5 î 1 20.2 ĵ 2  m/s2. For that instant, (a) sketch a 
vector diagram showing the components of its acceler-
ation, (b) determine the magnitude of its radial accel-
eration, and (c) determine the speed and velocity of 
the ball.

 43. (a) Can a particle moving with instantaneous speed 
3.00  m/s on a path with radius of curvature 2.00 m 
have an acceleration of magnitude 6.00 m/s2? (b) Can 
it have an acceleration of magnitude 4.00 m/s2? In 
each case, if the answer is yes, explain how it can hap-
pen; if the answer is no, explain why not.

Section 4.6 Relative Velocity and Relative Acceleration
 44. The pilot of an airplane notes that the compass indi-

cates a heading due west. The airplane’s speed relative 
to the air is 150 km/h. The air is moving in a wind at 
30.0 km/h toward the north. Find the velocity of the 
airplane relative to the ground.

 45. An airplane maintains a speed of 630 km/h relative 
to the air it is flying through as it makes a trip to a 
city 750 km away to the north. (a) What time interval is 
required for the trip if the plane flies through a head-
wind blowing at 35.0 km/h toward the south? (b) What 
time interval is required if there is a tailwind with the 
same speed? (c) What time interval is required if there 
is a crosswind blowing at 35.0 km/h to the east relative 
to the ground?

 46. A moving beltway at an airport has a speed v1 and a 
length L. A woman stands on the beltway as it moves 
from one end to the other, while a man in a hurry to 
reach his flight walks on the beltway with a speed of 
v2 relative to the moving beltway. (a) What time inter-
val is required for the woman to travel the distance L? 
(b) What time interval is required for the man to travel 
this distance? (c) A second beltway is located next  
to the first one. It is identical to the first one but moves 
in the opposite direction at speed v1. Just as the man 
steps onto the beginning of the beltway and begins to 
walk at speed v2 relative to his beltway, a child steps on 
the other end of the adjacent beltway. The child stands 
at rest relative to this second beltway. How long after 
stepping on the beltway does the man pass the child?

 47. A police car traveling at 95.0 km/h is traveling west, 
chasing a motorist traveling at 80.0 km/h. (a) What is 
the velocity of the motorist relative to the police car? 
(b) What is the velocity of the police car relative to the 
motorist? (c) If they are originally 250 m apart, in what 
time interval will the police car overtake the motorist?

 48. A car travels due east with a speed of 50.0 km/h. Rain-
drops are falling at a constant speed vertically with 
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   Suppose a copper sleeve of inner radius 2.10 cm 
and outer radius 2.20 cm is to be cast. To eliminate 
bubbles and give high structural integrity, the cen-
tripetal acceleration of each bit of metal should be at 
least 100g. What rate of rotation is required? State the 
answer in revolutions per minute.

 36. A tire 0.500 m in radius rotates at a constant rate of 
200 rev/min. Find the speed and acceleration of a small 
stone lodged in the tread of the tire (on its outer edge).

 37. Review. The 20-g centrifuge at NASA’s Ames Research 
Center in Mountain View, California, is a horizontal, 
cylindrical tube 58.0 ft long and is represented in Fig-
ure P4.37. Assume an astronaut in training sits in a 
seat at one end, facing the axis of rotation 29.0 ft away. 
Determine the rotation rate, in revolutions per second, 
required to give the astronaut a centripetal accelera-
tion of 20.0g.

29 ft

Figure P4.37

 38. An athlete swings a ball, connected to the end of a chain, 
in a horizontal circle. The athlete is able to rotate the 
ball at the rate of 8.00 rev/s when the length of the chain 
is 0.600 m. When he increases the length to 0.900 m, he 
is able to rotate the ball only 6.00 rev/s. (a) Which rate of 
rotation gives the greater speed for the ball? (b) What is 
the centripetal acceleration of the ball at 8.00 rev/s? 
(c) What is the centripetal acceleration at 6.00 rev/s?

 39. The astronaut orbit-
ing the Earth in Figure 
P4.39 is preparing to 
dock with a Westar VI 
satellite. The satellite 
is in a circular orbit  
600 km above the 
Earth’s surface, where 
the free-fall accelera-
tion is 8.21 m/s2. Take 
the radius of the Earth 
as 6 400 km. Determine the speed of the satellite and 
the time interval required to complete one orbit around 
the Earth, which is the period of the satellite.

Section 4.5 Tangential and Radial Acceleration
 40. Figure P4.40 represents the 

total acceleration of a particle 
moving clockwise in a circle 
of radius 2.50  m at a certain 
instant of time. For that instant, 
find (a) the radial acceleration 
of the particle, (b) the speed of 
the particle, and (c) its tangen-
tial acceleration.

AMT

Figure P4.39
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vi = 90.0 km/h =

(
90.0

3.6

)
m/s = 25.0 m/s

vf = 50.0 km/h =

(
50.0

3.6

)
m/s = 13.9 m/s

Tangential accel. corresponds to changing speed: at,avg =
∆v
∆t

Centripetal accel. corresponds to changing direction: acp = v2

r
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 41. A train slows down as it rounds a sharp horizontal 
turn, going from 90.0 km/h to 50.0 km/h in the 15.0 s  
it takes to round the bend. The radius of the curve is 
150 m. Compute the acceleration at the moment the 
train speed reaches 50.0 km/h. Assume the train con-
tinues to slow down at this time at the same rate.

 42. A ball swings counterclockwise in a vertical circle at 
the end of a rope 1.50 m long. When the ball is 36.9° 
past the lowest point on its way up, its total acceleration 
is 1222.5 î 1 20.2 ĵ 2  m/s2. For that instant, (a) sketch a 
vector diagram showing the components of its acceler-
ation, (b) determine the magnitude of its radial accel-
eration, and (c) determine the speed and velocity of 
the ball.

 43. (a) Can a particle moving with instantaneous speed 
3.00  m/s on a path with radius of curvature 2.00 m 
have an acceleration of magnitude 6.00 m/s2? (b) Can 
it have an acceleration of magnitude 4.00 m/s2? In 
each case, if the answer is yes, explain how it can hap-
pen; if the answer is no, explain why not.

Section 4.6 Relative Velocity and Relative Acceleration
 44. The pilot of an airplane notes that the compass indi-

cates a heading due west. The airplane’s speed relative 
to the air is 150 km/h. The air is moving in a wind at 
30.0 km/h toward the north. Find the velocity of the 
airplane relative to the ground.

 45. An airplane maintains a speed of 630 km/h relative 
to the air it is flying through as it makes a trip to a 
city 750 km away to the north. (a) What time interval is 
required for the trip if the plane flies through a head-
wind blowing at 35.0 km/h toward the south? (b) What 
time interval is required if there is a tailwind with the 
same speed? (c) What time interval is required if there 
is a crosswind blowing at 35.0 km/h to the east relative 
to the ground?

 46. A moving beltway at an airport has a speed v1 and a 
length L. A woman stands on the beltway as it moves 
from one end to the other, while a man in a hurry to 
reach his flight walks on the beltway with a speed of 
v2 relative to the moving beltway. (a) What time inter-
val is required for the woman to travel the distance L? 
(b) What time interval is required for the man to travel 
this distance? (c) A second beltway is located next  
to the first one. It is identical to the first one but moves 
in the opposite direction at speed v1. Just as the man 
steps onto the beginning of the beltway and begins to 
walk at speed v2 relative to his beltway, a child steps on 
the other end of the adjacent beltway. The child stands 
at rest relative to this second beltway. How long after 
stepping on the beltway does the man pass the child?

 47. A police car traveling at 95.0 km/h is traveling west, 
chasing a motorist traveling at 80.0 km/h. (a) What is 
the velocity of the motorist relative to the police car? 
(b) What is the velocity of the police car relative to the 
motorist? (c) If they are originally 250 m apart, in what 
time interval will the police car overtake the motorist?

 48. A car travels due east with a speed of 50.0 km/h. Rain-
drops are falling at a constant speed vertically with 
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   Suppose a copper sleeve of inner radius 2.10 cm 
and outer radius 2.20 cm is to be cast. To eliminate 
bubbles and give high structural integrity, the cen-
tripetal acceleration of each bit of metal should be at 
least 100g. What rate of rotation is required? State the 
answer in revolutions per minute.

 36. A tire 0.500 m in radius rotates at a constant rate of 
200 rev/min. Find the speed and acceleration of a small 
stone lodged in the tread of the tire (on its outer edge).

 37. Review. The 20-g centrifuge at NASA’s Ames Research 
Center in Mountain View, California, is a horizontal, 
cylindrical tube 58.0 ft long and is represented in Fig-
ure P4.37. Assume an astronaut in training sits in a 
seat at one end, facing the axis of rotation 29.0 ft away. 
Determine the rotation rate, in revolutions per second, 
required to give the astronaut a centripetal accelera-
tion of 20.0g.

29 ft

Figure P4.37

 38. An athlete swings a ball, connected to the end of a chain, 
in a horizontal circle. The athlete is able to rotate the 
ball at the rate of 8.00 rev/s when the length of the chain 
is 0.600 m. When he increases the length to 0.900 m, he 
is able to rotate the ball only 6.00 rev/s. (a) Which rate of 
rotation gives the greater speed for the ball? (b) What is 
the centripetal acceleration of the ball at 8.00 rev/s? 
(c) What is the centripetal acceleration at 6.00 rev/s?

 39. The astronaut orbit-
ing the Earth in Figure 
P4.39 is preparing to 
dock with a Westar VI 
satellite. The satellite 
is in a circular orbit  
600 km above the 
Earth’s surface, where 
the free-fall accelera-
tion is 8.21 m/s2. Take 
the radius of the Earth 
as 6 400 km. Determine the speed of the satellite and 
the time interval required to complete one orbit around 
the Earth, which is the period of the satellite.

Section 4.5 Tangential and Radial Acceleration
 40. Figure P4.40 represents the 

total acceleration of a particle 
moving clockwise in a circle 
of radius 2.50  m at a certain 
instant of time. For that instant, 
find (a) the radial acceleration 
of the particle, (b) the speed of 
the particle, and (c) its tangen-
tial acceleration.
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vf = 50.0 km/h =
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m/s = 13.9 m/s

Tangential accel. corresponds to changing speed: at,avg =
∆v
∆t

Centripetal accel. corresponds to changing direction: acp = v2
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 41. A train slows down as it rounds a sharp horizontal 
turn, going from 90.0 km/h to 50.0 km/h in the 15.0 s  
it takes to round the bend. The radius of the curve is 
150 m. Compute the acceleration at the moment the 
train speed reaches 50.0 km/h. Assume the train con-
tinues to slow down at this time at the same rate.

 42. A ball swings counterclockwise in a vertical circle at 
the end of a rope 1.50 m long. When the ball is 36.9° 
past the lowest point on its way up, its total acceleration 
is 1222.5 î 1 20.2 ĵ 2  m/s2. For that instant, (a) sketch a 
vector diagram showing the components of its acceler-
ation, (b) determine the magnitude of its radial accel-
eration, and (c) determine the speed and velocity of 
the ball.

 43. (a) Can a particle moving with instantaneous speed 
3.00  m/s on a path with radius of curvature 2.00 m 
have an acceleration of magnitude 6.00 m/s2? (b) Can 
it have an acceleration of magnitude 4.00 m/s2? In 
each case, if the answer is yes, explain how it can hap-
pen; if the answer is no, explain why not.

Section 4.6 Relative Velocity and Relative Acceleration
 44. The pilot of an airplane notes that the compass indi-

cates a heading due west. The airplane’s speed relative 
to the air is 150 km/h. The air is moving in a wind at 
30.0 km/h toward the north. Find the velocity of the 
airplane relative to the ground.

 45. An airplane maintains a speed of 630 km/h relative 
to the air it is flying through as it makes a trip to a 
city 750 km away to the north. (a) What time interval is 
required for the trip if the plane flies through a head-
wind blowing at 35.0 km/h toward the south? (b) What 
time interval is required if there is a tailwind with the 
same speed? (c) What time interval is required if there 
is a crosswind blowing at 35.0 km/h to the east relative 
to the ground?

 46. A moving beltway at an airport has a speed v1 and a 
length L. A woman stands on the beltway as it moves 
from one end to the other, while a man in a hurry to 
reach his flight walks on the beltway with a speed of 
v2 relative to the moving beltway. (a) What time inter-
val is required for the woman to travel the distance L? 
(b) What time interval is required for the man to travel 
this distance? (c) A second beltway is located next  
to the first one. It is identical to the first one but moves 
in the opposite direction at speed v1. Just as the man 
steps onto the beginning of the beltway and begins to 
walk at speed v2 relative to his beltway, a child steps on 
the other end of the adjacent beltway. The child stands 
at rest relative to this second beltway. How long after 
stepping on the beltway does the man pass the child?

 47. A police car traveling at 95.0 km/h is traveling west, 
chasing a motorist traveling at 80.0 km/h. (a) What is 
the velocity of the motorist relative to the police car? 
(b) What is the velocity of the police car relative to the 
motorist? (c) If they are originally 250 m apart, in what 
time interval will the police car overtake the motorist?

 48. A car travels due east with a speed of 50.0 km/h. Rain-
drops are falling at a constant speed vertically with 
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   Suppose a copper sleeve of inner radius 2.10 cm 
and outer radius 2.20 cm is to be cast. To eliminate 
bubbles and give high structural integrity, the cen-
tripetal acceleration of each bit of metal should be at 
least 100g. What rate of rotation is required? State the 
answer in revolutions per minute.

 36. A tire 0.500 m in radius rotates at a constant rate of 
200 rev/min. Find the speed and acceleration of a small 
stone lodged in the tread of the tire (on its outer edge).

 37. Review. The 20-g centrifuge at NASA’s Ames Research 
Center in Mountain View, California, is a horizontal, 
cylindrical tube 58.0 ft long and is represented in Fig-
ure P4.37. Assume an astronaut in training sits in a 
seat at one end, facing the axis of rotation 29.0 ft away. 
Determine the rotation rate, in revolutions per second, 
required to give the astronaut a centripetal accelera-
tion of 20.0g.

29 ft

Figure P4.37

 38. An athlete swings a ball, connected to the end of a chain, 
in a horizontal circle. The athlete is able to rotate the 
ball at the rate of 8.00 rev/s when the length of the chain 
is 0.600 m. When he increases the length to 0.900 m, he 
is able to rotate the ball only 6.00 rev/s. (a) Which rate of 
rotation gives the greater speed for the ball? (b) What is 
the centripetal acceleration of the ball at 8.00 rev/s? 
(c) What is the centripetal acceleration at 6.00 rev/s?

 39. The astronaut orbit-
ing the Earth in Figure 
P4.39 is preparing to 
dock with a Westar VI 
satellite. The satellite 
is in a circular orbit  
600 km above the 
Earth’s surface, where 
the free-fall accelera-
tion is 8.21 m/s2. Take 
the radius of the Earth 
as 6 400 km. Determine the speed of the satellite and 
the time interval required to complete one orbit around 
the Earth, which is the period of the satellite.

Section 4.5 Tangential and Radial Acceleration
 40. Figure P4.40 represents the 

total acceleration of a particle 
moving clockwise in a circle 
of radius 2.50  m at a certain 
instant of time. For that instant, 
find (a) the radial acceleration 
of the particle, (b) the speed of 
the particle, and (c) its tangen-
tial acceleration.
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vi = 90.0 km/h =

(
90.0
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)
m/s = 25.0 m/s

vf = 50.0 km/h =

(
50.0

3.6

)
m/s = 13.9 m/s

Tangential accel. corresponds to changing speed: at,avg =
∆v
∆t

Centripetal accel. corresponds to changing direction: acp = v2

r

1Page 93, Serway & Jewett.



Radial and Tangential Accelerations

 Problems 105

 41. A train slows down as it rounds a sharp horizontal 
turn, going from 90.0 km/h to 50.0 km/h in the 15.0 s  
it takes to round the bend. The radius of the curve is 
150 m. Compute the acceleration at the moment the 
train speed reaches 50.0 km/h. Assume the train con-
tinues to slow down at this time at the same rate.

 42. A ball swings counterclockwise in a vertical circle at 
the end of a rope 1.50 m long. When the ball is 36.9° 
past the lowest point on its way up, its total acceleration 
is 1222.5 î 1 20.2 ĵ 2  m/s2. For that instant, (a) sketch a 
vector diagram showing the components of its acceler-
ation, (b) determine the magnitude of its radial accel-
eration, and (c) determine the speed and velocity of 
the ball.

 43. (a) Can a particle moving with instantaneous speed 
3.00  m/s on a path with radius of curvature 2.00 m 
have an acceleration of magnitude 6.00 m/s2? (b) Can 
it have an acceleration of magnitude 4.00 m/s2? In 
each case, if the answer is yes, explain how it can hap-
pen; if the answer is no, explain why not.

Section 4.6 Relative Velocity and Relative Acceleration
 44. The pilot of an airplane notes that the compass indi-

cates a heading due west. The airplane’s speed relative 
to the air is 150 km/h. The air is moving in a wind at 
30.0 km/h toward the north. Find the velocity of the 
airplane relative to the ground.

 45. An airplane maintains a speed of 630 km/h relative 
to the air it is flying through as it makes a trip to a 
city 750 km away to the north. (a) What time interval is 
required for the trip if the plane flies through a head-
wind blowing at 35.0 km/h toward the south? (b) What 
time interval is required if there is a tailwind with the 
same speed? (c) What time interval is required if there 
is a crosswind blowing at 35.0 km/h to the east relative 
to the ground?

 46. A moving beltway at an airport has a speed v1 and a 
length L. A woman stands on the beltway as it moves 
from one end to the other, while a man in a hurry to 
reach his flight walks on the beltway with a speed of 
v2 relative to the moving beltway. (a) What time inter-
val is required for the woman to travel the distance L? 
(b) What time interval is required for the man to travel 
this distance? (c) A second beltway is located next  
to the first one. It is identical to the first one but moves 
in the opposite direction at speed v1. Just as the man 
steps onto the beginning of the beltway and begins to 
walk at speed v2 relative to his beltway, a child steps on 
the other end of the adjacent beltway. The child stands 
at rest relative to this second beltway. How long after 
stepping on the beltway does the man pass the child?

 47. A police car traveling at 95.0 km/h is traveling west, 
chasing a motorist traveling at 80.0 km/h. (a) What is 
the velocity of the motorist relative to the police car? 
(b) What is the velocity of the police car relative to the 
motorist? (c) If they are originally 250 m apart, in what 
time interval will the police car overtake the motorist?

 48. A car travels due east with a speed of 50.0 km/h. Rain-
drops are falling at a constant speed vertically with 
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   Suppose a copper sleeve of inner radius 2.10 cm 
and outer radius 2.20 cm is to be cast. To eliminate 
bubbles and give high structural integrity, the cen-
tripetal acceleration of each bit of metal should be at 
least 100g. What rate of rotation is required? State the 
answer in revolutions per minute.

 36. A tire 0.500 m in radius rotates at a constant rate of 
200 rev/min. Find the speed and acceleration of a small 
stone lodged in the tread of the tire (on its outer edge).

 37. Review. The 20-g centrifuge at NASA’s Ames Research 
Center in Mountain View, California, is a horizontal, 
cylindrical tube 58.0 ft long and is represented in Fig-
ure P4.37. Assume an astronaut in training sits in a 
seat at one end, facing the axis of rotation 29.0 ft away. 
Determine the rotation rate, in revolutions per second, 
required to give the astronaut a centripetal accelera-
tion of 20.0g.

29 ft

Figure P4.37

 38. An athlete swings a ball, connected to the end of a chain, 
in a horizontal circle. The athlete is able to rotate the 
ball at the rate of 8.00 rev/s when the length of the chain 
is 0.600 m. When he increases the length to 0.900 m, he 
is able to rotate the ball only 6.00 rev/s. (a) Which rate of 
rotation gives the greater speed for the ball? (b) What is 
the centripetal acceleration of the ball at 8.00 rev/s? 
(c) What is the centripetal acceleration at 6.00 rev/s?

 39. The astronaut orbit-
ing the Earth in Figure 
P4.39 is preparing to 
dock with a Westar VI 
satellite. The satellite 
is in a circular orbit  
600 km above the 
Earth’s surface, where 
the free-fall accelera-
tion is 8.21 m/s2. Take 
the radius of the Earth 
as 6 400 km. Determine the speed of the satellite and 
the time interval required to complete one orbit around 
the Earth, which is the period of the satellite.

Section 4.5 Tangential and Radial Acceleration
 40. Figure P4.40 represents the 

total acceleration of a particle 
moving clockwise in a circle 
of radius 2.50  m at a certain 
instant of time. For that instant, 
find (a) the radial acceleration 
of the particle, (b) the speed of 
the particle, and (c) its tangen-
tial acceleration.
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at = −0.741 m/s2 ; ar = −1.29 m/s2 (calling outward positive)

#»a = 1.48 m/s2 inward at an angle 29.9◦
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1Page 93, Serway & Jewett.



Radial and Tangential Accelerations

One end of a cord is fixed and a small 0.500-kg object is attached
to the other end, where it swings in a section of a vertical circle of
radius 2.00 m as shown. When θ = 20.0◦, the speed of the object
is 8.00 m/s. At this instant, find (a) the tension in the string, (b)
the tangential and radial components of acceleration.
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force exerted by the string on the pen-
dulum and (b) the radial acceleration of 
the bob.

 9. A coin placed 30.0 cm from the center 
of a rotating, horizontal turntable slips 
when its speed is 50.0 cm/s. (a)  What 
force causes the centripetal acceleration 
when the coin is stationary relative to 
the turntable? (b) What is the coeffi-
cient of static friction between coin and turntable?

 10. Why is the following situation 
impossible? The object of mass 
m 5 4.00  kg in Figure P6.10 is 
attached to a vertical rod by two 
strings of length , 5 2.00 m. The 
strings are attached to the rod 
at points a distance d 5 3.00 m  
apart. The object rotates in a 
horizontal circle at a constant 
speed of v 5 3.00 m/s, and the 
strings remain taut. The rod 
rotates along with the object so 
that the strings do not wrap onto the rod. What If? 
Could this situation be possible on another planet?

 11. A crate of eggs is located in the middle of the flatbed 
of a pickup truck as the truck negotiates a curve in the 
flat road. The curve may be regarded as an arc of a 
circle of radius 35.0 m. If the coefficient of static fric-
tion between crate and truck is 0.600, how fast can the 
truck be moving without the crate sliding?

Section 6.2 Nonuniform Circular Motion
 12. A pail of water is rotated in a vertical circle of radius 

1.00 m. (a) What two external forces act on the water in 
the pail? (b) Which of the two forces is most important 
in causing the water to move in a circle? (c) What is 
the pail’s minimum speed at the top of the circle if no 
water is to spill out? (d) Assume the pail with the speed 
found in part (c) were to suddenly disappear at the top 
of the circle. Describe the subsequent motion of the 
water. Would it differ from the motion of a projectile?

 13. A hawk flies in a horizontal arc of radius 12.0 m at con-
stant speed 4.00 m/s. (a) Find its centripetal accelera-
tion. (b) It continues to fly along the same horizontal 
arc, but increases its speed at the rate of 1.20 m/s2. Find 
the acceleration (magnitude and direction) in this situ-
ation at the moment the hawk’s speed is 4.00 m/s.

 14. A 40.0-kg child swings in a swing supported by two 
chains, each 3.00 m long. The tension in each chain at 
the lowest point is 350 N. Find (a) the child’s speed at 
the lowest point and (b) the force exerted by the seat 
on the child at the lowest point. (Ignore the mass of 
the seat.)

 15. A child of mass m swings in a swing supported by two 
chains, each of length R. If the tension in each chain 
at the lowest point is T, find (a) the child’s speed at the 
lowest point and (b) the force exerted by the seat on the 
child at the lowest point. (Ignore the mass of the seat.)
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 16. A roller-coaster car (Fig. P6.16) has a mass of 500 kg 
when fully loaded with passengers. The path of the 
coaster from its initial point shown in the figure to point 
! involves only up-and-down motion (as seen by the rid-
ers), with no motion to the left or right. (a) If the vehicle 
has a speed of 20.0 m/s at point ", what is the force 
exerted by the track on the car at this point? (b) What is 
the maximum speed the vehicle can have at point ! 
and still remain on the track? Assume the roller-coaster 
tracks at points " and ! are parts of vertical circles of 
radius r1 5 10.0 m and r2 5 15.0 m, respectively.

r2r1
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!

Figure P6.16 Problems 16 and 38.

 17. A roller coaster at the Six 
Flags Great America amuse-
ment park in Gurnee, Illi-
nois, incorporates some 
clever design technology and 
some basic physics. Each ver-
tical loop, instead of being 
circular, is shaped like a tear-
drop (Fig. P6.17). The cars 
ride on the inside of the loop 
at the top, and the speeds 
are fast enough to ensure the 
cars remain on the track. 
The biggest loop is 40.0 m high. Suppose the speed at 
the top of the loop is 13.0 m/s and the corresponding 
centripetal acceleration of the riders is 2g. (a) What is 
the radius of the arc of the teardrop at the top? (b) If 
the total mass of a car plus the riders is M, what force 
does the rail exert on the car at the top? (c) Suppose 
the roller coaster had a circular loop of radius 20.0 m. 
If the cars have the same speed, 13.0 m/s at the top, 
what is the centripetal acceleration of the riders at the 
top? (d) Comment on the normal force at the top in 
the situation described in part (c) and on the advan-
tages of having teardrop-shaped loops.

 18. One end of a cord is fixed and a small 
0.500-kg object is attached to the 
other end, where it swings in a section 
of a vertical circle of radius 2.00 m as 
shown in Figure P6.18. When u 5 20.08, 
the speed of the object is 8.00 m/s.  
At this instant, find (a) the tension 
in the string, (b) the tangential and 
radial components of acceleration,  
and (c) the total acceleration. (d) Is your answer 
changed if the object is swinging down toward its  
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(a) T = 20.6 N ; (b) ac = 32.0 m/s2, at = 3.35 m/s2

1Serway & Jewett, 9th ed., ch 6, prob 18.
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Discuss Quiz and/or Test Problems?

Questions from the quizzes or test?



Summary

• banked turns

• non-uniform circ. motion and tangential acceleration

Canvas Quiz/Survey due Thursday night, not posted yet,
will take ∼5 mins, get credit for it as a quiz!

Final Exam, Thursday, Mar 26, by Canvas & Zoom, be ready
at 9am.

Homework

• Forces and Motion worksheet (due Thursday, 10am)

Walker Physics:

• Ch 6, onward from page 177. Problems: 85 & 107 (banked
turns)


