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  Chapter 4: Circular Motion 
 
! Why do pilots sometimes black out while pulling out at the bottom of a power dive? 
! Are astronauts really "weightless" while in orbit? 
! Why do you tend to slide across the car seat when the car makes a sharp turn? 
 
Make sure you know how to: 
1. Find the direction of acceleration using the motion diagram. 
2. Draw a force diagram. 
3. Use a force diagram to help apply Newton’s second law in component form. 
 
 CO: Ms. Kruti Patel, a civilian test pilot, wears a special flight suit and practices special 
breathing techniques to prevent dizziness, disorientation, and possibly passing out as she pulls out 
of a power dive. This dizziness, or worse, is called a blackout and occurs when there is a lack of 
blood to the head and brain.  
 Tony Wayne in his book Ride Physiology describes the symptoms of blackout. As the 
acceleration climbs up toward 7 g , “you … can no longer see color. … An instant later, … your 

field of vision is shrinking. It now looks like you are seeing things through a pipe. … The visual 
pipe's diameter is getting smaller and smaller. In a flash you see black. You have just "blacked 
out." You are unconscious …” Why does blackout occur and why does a special suit prevent 
blackout? Our study of circular motion in this chapter will help us understand this and other 
interesting phenomena.  
 Lead In the previous chapters we studied the motion of objects when the sum of the 
forces exerted on them was constant in terms of magnitude and direction. There are relatively few 
situations in everyday life where this is the case. More often the forces exerted on an object 
continually change direction and magnitude as time passes. In this chapter we will focus on 
objects moving at constant speed in a circular path. This is the simplest example of motion when 
the sum of the forces exerted on the system object by other objects continually changes. 
   

 4.1 Qualitative kinematics of circular motion 
 In the previous chapter we studied a simple type of motion – the motion of a point-like 
object moving along a straight path. In this chapter we will investigate a slightly more 
complicated type of motion – the motion of a point-like object moving at constant speed along a 
circular path. Two examples of this type of motion are a racecar moving at a constant 160 mph 
speed around a circular turn of a racetrack, and a bucket tied to a rope being swung at constant 
speed in a horizontal circle. 

 Consider the motion of the racecar during the very short time interval shown in Fig. 4.1a. 

During that time interval t" , the car’s displacement d
!

 is close to the small segment of the arc of 
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the circular roadway. The ratio of the car’s displacement and the time interval t"  is the car’s 

average velocity dv t# "

!
!

 during that time interval. If we shrink the time interval, then the 

direction of the displacement vector is almost tangent to the circle and the average velocity is 
almost the same as the instantaneous velocity. During the next brief time interval, the direction of 
the velocity vector changes.  

 
Figure 4.1(a) Constant speed circular motion 

 
We can visualize this change if we imagine that we attach to the top of the car a big arrow 

which points forward in the direction the car travels (4.1b). This arrow helps us see the direction 
of the instantaneous velocity of the car when looking down on the situation from above. At each 
point on its path, the velocity arrow is tangent to the circle (Fig. 4.1c). 

       
Figure 4.1(b)(c) 

 
Is this car accelerating? Since the car is moving at constant speed, your first reaction might 

be to say no. The velocity arrows are all the same length, which indicates that the car is moving at 
constant speed.  However, the direction of the velocity changes from moment to moment.  
Recall that acceleration is any change in velocity—in its magnitude or in its direction. So yes, 
even though the car is traveling at constant speed, it is accelerating. 
 To estimate the direction of the car’s acceleration while passing a particular point on 
its path (for example, the point shown at the bottom of the top view of the track in Fig. 4.2a), we 

consider a short time interval –f it t t" # during which the car passes that point. According to the 

definition of acceleration from Chapter 1, the car’s average acceleration during that time interval 

is the change in its velocity f iv v v" # $
! ! !

divided by the time interval –f it t t" # : 

ALG 

4.2.1-2 

ALG 

4.2.1-2 
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The direction of the acceleration must be in the direction of the velocity change.  

The velocity arrows iv!  and fv!  in Fig. 4.2a represent the velocity of the car a little before 

(initial) and a little after (final) the point where we want to estimate the car’s acceleration (in this 
example the car is moving at constant speed). The velocity change vector by definition is 

f iv v v" # $
! ! !

. How can we find its direction and magnitude? You can think of v"!  as the vector 

that needs to be added to the initial velocity iv!  in order to get the final velocity fv! : iv!  + v"! = fv! .  

To find the magnitude and direction of the v"!  arrow, we move the iv! and fv!  arrows off 

the circle and place them tail-to-tail (Fig. 4.2b). This is ok as long as we do not change their 

magnitudes and directions.  Think of what arrow should be added to iv! to get fv! .  It is a vector 

that starts at the head of iv! and ends at the head of fv! , shown in the figure with a different color. 

The car’s acceleration a!  is in the direction of the v"!  arrow (Fig. 4.2c).  

   
   

 
Figure 4.2 Estimating acceleration direction 

 
 The Reasoning Skill Box below summarizes the steps we took to estimate the direction of 
the acceleration. 
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Reasoning Skill Box: how to estimate acceleration direction for two-dimensional motion  

 
Tip! When using this diagrammatic method to estimate the acceleration direction during two-
dimensional motion, make sure that you choose “initial” and “final” points at the some distance 
before and after the point at which you are estimating the acceleration direction. Draw long 
velocity arrows so that when they are put them together tail to tail, you can clearly see the 
direction of the velocity change arrow. Also, be sure that the velocity change arrow goes from the 
head of the initial velocity to the head of the final velocity.  
 
Conceptual Exercise 4.1 Direction of racecar’s acceleration Determine the direction of the 
racecar’s acceleration at points A, B and C in Fig. 4.3a as the racecar travels at constant speed on 
the circular path.  

 
Figure 4.3(a) For constant speed, acceleration toward center 

 
Sketch and Translate A top view of the car’s path is shown in Fig. 4.3a. We are interested in the 
car’s acceleration as it passes points A, B, and C. 
Simplify and Diagram To find the direction of the car’s acceleration, use the velocity change 
method (shown for point A in Fig. 4.3b). When done for all three points, notice that a pattern 
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emerges: the acceleration at different points along the car’s path has a different direction but in 
every case it points toward the center of the circular path (Fig.4.3c).  For practice, you can pick 
some other point on the car’s path and find its acceleration as it passes that point. If moving at 
constant speed, its acceleration should point toward the center of the circle. 

 
Figure 4.3(b)(c) 

 
Try It Yourself: Imagine that the car in the previous conceptual exercise moves at increasing 
speed while traveling around the circular racetrack. Estimate the direction of acceleration as the 
racecar passes point B. 
Answer: The acceleration vector determined in Fig. 4.4a has a component toward the center of the 

circle ra! that is due to its changing direction during circular motion (see Fig. 4.4b). It also has a 

component tangent to the circle ta!  due to its increasing speed. 

   
Figure 4.4 Increasing speed circular motion 

 
 Reflecting on the work we did in Conceptual Exercise 4.1 and the Try It Yourself 
question, we see that only when an object moves in a circle at constant speed does its acceleration 
point only toward the center of the circle (Fig. 4.3b). When the object moves in a circle at 
changing speed, its acceleration has a component toward the center of the circle and also a 
component parallel to the direction of its velocity (see Fig. 4.4b). Let’s be more precise – if we 
make a coordinate system with a radial r-axis pointing toward the center of the circle and a 
tangential t-axis pointing perpendicular to this direction (tangent to the circle), then we can 

resolve the acceleration vector into two vector components: a radial vector component ra!  
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pointing toward the center of the circle, and a tangential vector component ta!  that points tangent 

to the circle. The acceleration of the object is then the sum of those two vector components:  

r ta a a# %
! ! !

 

This radial-tangential coordinate system is a new type of coordinate system in that the directions 
of the two axes change continuously as the object moves along its circular path.  

When an object moves in a circle at constant speed, the tangential component of its 

acceleration is zero; thus 0r ra a a# % #
! ! !

. Because of this, circular motion at constant speed is 

easier to understand than circular motion at changing speed, which is why we investigate it first. 
 
Tip! The radial vector component of the acceleration is often called centripetal acceleration—
center-seeking acceleration. We prefer to call it the “radial acceleration”—a more descriptive 
term.  
 
Review Question 4.1 
How do we know that during constant speed circular motion, an object’s acceleration a!  points 
toward the center of the circle?   
 
 

4.2 Qualitative dynamics of circular motion 
In the previous two chapters we learned that an object’s acceleration during linear motion 

was caused by the forces exerted on the object and is in the direction of the vector sum of all 

forces (Newton’s second law Fa m
&#
!!

). Does this hold for circular motion? We now know that 

when an object moves at constant speed along a circular path, its acceleration continually changes 
direction and always points toward the center of the circle. If Newton’s second law applies for 
constant speed circular motion, then the vector sum of all forces exerted on an object should point 
toward the center of the circle. Let’s accept this idea as a hypothesis to be tested.  

 
Hypothesis The sum of the forces exerted on an object moving at constant speed along a 
circular path points toward the center of that circle in the same direction as the object’s 
acceleration.  

Notice that the hypothesis mentions only the sum of the forces pointing toward the center – and 
no forces in the direction of motion. Consider the two experiments described in Testing 
Experiment Table 4.1.  In these experiments, the objects move at constant speed along a circular 
path. Are the net forces exerted on these objects consistent with the above hypothesis?  Note that 
the subscripts on the labels for the forces are the same initials as objects shown in capital letters in 
the descriptions of the experiments. 
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 Testing Experiment Table 4.1 Is the direction of the net force exerted on an object moving at 
constant speed in a circle toward the center of the circle—in the same direction as its 
acceleration? 

Testing Experiments Predictions base on 
hypothesis  

Outcome 

You swing a Bucket at the end of a 
Rope in a constant speed horizontal 
circle.  

 

 We predict that as the bucket 
passes the point shown in the 
experiment, the sum of the 
forces exerted on the bucket by 
other objects should point 
toward the left toward the 
center of the circle—in the 
direction of the acceleration.  
   

The vertical force components 
balance; the sum of the forces 
points along radial axis toward 
the center of circle in agreement 
with the prediction. 

 
 

A metal Ball rolls in a circle on a flat 
smooth Surface on the inside of and 
pressing against the Wall of a metal 
ring.   

 

  We predict that the sum of the 
forces that other objects exert 
on the ball points to the left 
toward the center of the 
circle—in the direction of the 
acceleration.             
 
 
 
 

The vertical force components 
balance; the sum of the forces 
points along the radial axis 
toward center of circle in 
agreement with the prediction. 
No force pushes in the direction 
of motion. 

Conclusion 
In both cases, the sum of the forces exerted on the system object by other objects points toward the center of 
the circle in the direction of the acceleration—consistent with the hypothesis.  
 
 We found in both experiments that the sum of all forces exerted on the object moving at 
constant speed in the circle pointed toward the center of the circle in the same direction as the 
object’s acceleration. We only drew a force diagram for one point along the circular path; 
however, you can repeat the same analysis for other points and would get the same result—the 
net force points toward the center of the circle in the same direction as the acceleration. This 
outcome is consistent with Newton’s second law—an object’s acceleration equals the sum of the 
forces (the net force) that other objects exert on it divided by the mass of the object: 

1on object 2 on object

object

...
  

F F
a

m
% %

#

! !
!

. 

The object’s acceleration and the net force point in the same direction. 
 

 

v
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Tip! Notice that when the object moves at constant speed along the circular path, the net force has 
no tangential component. 
 
Review Question 4.2 
A ball rolls at a constant speed on a horizontal table toward a semicircular barrier as shown in 
Fig. 4.5.  Is there a nonzero net force exerted on the ball: (a) before it contacts the barrier, (b) 
while it’s in contact with the barrier, and (c) after it no longer contacts the barrier?  If so, what is 
the direction of the net force? When the ball leaves the barrier, in what direction will it move: 
(A), (B) or (C)? 

 
Figure 4.5 Ball rolls toward circular ring 

 

4.3 Radial acceleration and period 
 So far we learned how to diagrammatically describe the motion of an object moving in a 
circle and how to explain it qualitatively. This explanation involved a relationship between the 
direction of the object’s acceleration and the direction of the sum of the forces exerted on it by 
other objects. However, this knowledge is not enough to answer the questions posed at the 
beginning of the chapter, as we do not know how to determine the magnitude of object’s 
acceleration. First, let’s think about things that might affect its acceleration.  

Imagine a car following the circular curve of a highway. Our experience indicates that the 
faster a car moves along a highway curve, the greater the risk that the car will skid off the road 
when making the turn. So the car’s speed v  matters. Also, the tighter the turn, the greater is the 
risk that the car will skid. So the radius r  of the curve also matters. In this section we will 
determine a mathematical expression relating the acceleration of an object moving at constant 
speed in a circular path to these two quantities (its speed v  and the radius r  of the circular path).  

 Let’s begin by investigating the dependence of the acceleration on the object’s speed.  In 
Observational Experiment Table 4.2, we use the diagrammatic velocity change method to 
investigate how the acceleration differs for objects moving at speeds v , 2v , and 3v  while 
traveling along the same radius r  circular path.  
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Observational experiment Table 4.2 How does an object’s speed affect its radial acceleration 
during constant speed circular motion? 

Imaginary Observational Experiments  Analysis 
using velocity change technique 

1. An object moves in a circle at constant 
speed.  
 
 
 

2. An object moves in a circle at constant 
speed that is twice as large as in experiment 1.  
 
 
 

When the object moves twice as fast between the same two 
points on the circle, the velocity change doubles. In addition, 
the velocity change occurs in half the time interval since it is 
moving twice as fast. Hence, the acceleration quadruples. 

3. An object moves in a circle at constant 
speed that is three times as large as in 
experiment 1. 
 
 

Tripling the speed, triples the velocity change and reduces by 
one-third the time interval needed to travel between the 
points—the acceleration increases by a factor of 9.   

 
 

Pattern 
We find that doubling the speed of the object results in a 4 times increase of its acceleration; tripling the speed 
leads to a 9 times increase. Therefore, the acceleration of the object is proportional to its speed squared. 
 2

ra v'  
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From the pattern in the Observational Experiment Table 4.2 we conclude that the magnitude of 
acceleration is proportional to the speed squared.  We can express this pattern mathematically:   

 2
ra v'   (4.1) 

The symbol '  means “is proportional to”.  
 To find how the magnitude of acceleration of an object moving in a circle at constant 
speed depends on the radius r of the circle, we consider two objects moving with the same speed 
but on circular paths of different radius (Observational Experiment Table 4.3). For simplicity, we 
make one circle twice the radius of the other. We arrange to have the velocity change for the two 
objects the same by considering them while moving through the same angle (  (rather than 
through the same distance).  
 
Observational Experiment Table 4.3 How does the acceleration depend on the radius of the 
curved path? 

Imaginary Observational 
Experiments 

Analysis 
using velocity change technique 

1. An object moves in circle of radius r  
at speed v . Choose two points on a 
circle to examine the velocity change 
from the initial to the final location.  

 

 

2. An object moves in circle of radius 
2r  and speed v . Choose the points for 
the second experiment so that the 
velocity change is the same as in the 
experiment above. This occurs if the 
radii drawn to the location of the object 
at the initial position and to the final 
position make the same angle as they 
did in the first experiment.  

 
 
 
 
 

iv!  and fv!  are the same as in experiment 1; therefore the velocity 
change is the same. However, the time interval for the change is twice 
as long as in experiment 1 because with the increased radius, the 
object has to travel twice the distance. But, since the speed of the 
object is the same as in the first experiment the time interval is 
doubled. Hence, the magnitude of the acceleration in this experiment 
is half of the magnitude of the acceleration in experiment 1.  
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Pattern 
When an object moves in a circle at constant speed, its acceleration decreases by half when the radius of the 
circular path doubles – the bigger the circle, the smaller the acceleration. It appears that the acceleration of the 
object is proportional to the inverse of the radius of its circular path: 

1 a
r

'  

 
 The results in Table 4.3 make sense. The velocity change was the same in each experiment. 
However, with twice the radius, the object traveled twice as far and took twice as the time 
interval for the same velocity change. Doubling the radius of the circular path halved the object’s 
acceleration. If we carried out the same thought experiment with circular paths of other radii, we 
get similar results. The magnitude of the radial component of the acceleration of an object 
moving in a circular path is inversely proportional to the radius of the circle:  

1
r r

a '                (4.2) 

 We now combine the two proportionalities in Eqs. (4.1) and (4.2):  
2

r
va
r

'   

We could do a detailed mathematical derivation and would find that the constant of 
proportionality is 1. Thus, we can turn this into an equation for the magnitude of the radial 
acceleration. 
 

Radial acceleration For an object moving at constant speed v on a circular path of radius 
r, the magnitude of the radial acceleration is: 

2

r
va
r

#        (4.3) 

The acceleration points toward the center of the circle. The units for 
2v

r
 are 

2 2

2

m / s m = 
m s

) *
+ ,
- .

, the correct units for acceleration.  

 
 This expression for radial acceleration agrees with our everyday experience. When a car 

is going around a highway curve at high speed, a large 2v  in the numerator leads to its large 
acceleration. When it is going around a sharp turn, the small radius r  in the denominator also 
leads to a large acceleration. 
 
Tip! Every time you derive a new relationship between physical quantities, check whether it is 
reasonable using a “limiting case analysis.” For radial acceleration one limiting case is when the 
radius of the circular path is infinite – equivalent to the object moving in a straight line. The 
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velocity of an object moving at constant speed in a straight line is constant, and its acceleration is 
zero. Notice that the acceleration in Eq. (4.3) is zero if the radius in the denominator is infinite. 
 
Example 4.2 Blackout When a fighter pilot pulls out at the bottom of a power dive, his body 
moves at high speed along a segment of an upward bending approximately circular path (Fig. 
4.6a). However, while his body moves up, his blood tends to move straight ahead and begins to 
fill the easily expandable veins in his legs. This can deprive the brain of blood and cause a 
blackout if the radial acceleration is 4 g or more and lasts several seconds. Suppose during a dive, 
an airplane moves at a modest speed of 80 m/s (180 mph) through a circular arc of radius 150-m. 
Is the pilot likely to black out? 

 
Figure 4.6(a) Blackout? 

 
Sketch and Translate A sketch of the situation is shown in Fig. 4.6a. The airplane speed is 

80 m sv #  and the radius of the circular path is 150 mr # . To determine if blackout might 

occur, we’ll estimate the radial acceleration of the pilot as he passes along the lowest point of the 
circular path.  
Simplify and Diagram Assume that at the bottom of the plane’s power dive, the plane is moving 
in a circle at constant speed and the point of interest is the lowest point on the circle.  Assume 
also that the magnitude of the plane’s acceleration is constant for a quarter circle, that is, one-
eighth of a circle on each side of the bottom point. The acceleration points up (see the velocity 
change method in Fig. 4.6b). 
 
 
 
 
 
 

Figure 4.6(b) 
 
Represent Mathematically The magnitude of the radial acceleration is calculated using Eq. (4.3): 

2

r
va
R

#  
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To estimate the time interval that the pilot will experience this acceleration, we calculate the time 
interval for the plane to move through the part of the power dive represented by a quarter circle 

(arc length 2
4

Rl /# ): 

2 / 4l Rt
v v

/
" # #  

Solve and Evaluate Inserting the given quantities, we find: 
2

2(80 m/s)   42 m/s
150 mra # # . 

The acceleration is over four times greater than g (over 24 x 9.8 m/s ). Thus, the pilot could 
potentially blackout if the acceleration lasts too long. The time interval during which the pilot 
will experience this acceleration is: 

[2 (150 m)]/4 240 m 3 s.
80 m/s 80 m/s

t /
" # # 0  

This is long enough that blackout is definitely a concern. Special flight suits are made that exert 
considerable pressure on the legs during such motion. This pressure prevents blood from 
accumulating in the veins of the legs. 
Try It Yourself: Imagine that you are a passenger on a roller coaster with a double loop-the-
loop—two consecutive loops. You are traveling at speed 24 m/s as you move along the bottom 
part of a loop of radius 10 m. Determine (a) the magnitude of your radial acceleration while 
passing the lowest point of that loop, and (b) the time interval needed to travel along the bottom 
quarter of that approximately circular loop. (c) Are you at risk of having a blackout? Explain.  

Answer: (a) 258 m/s  or almost 6 times the 29.8 m/s  fall acceleration; (b) about 0.7 s; (c) The 
acceleration is more than enough to cause blackout but does not last long enough—you are safe 
from blacking out and will get a good thrill! 
 
Period 

In the last example, the pilot moved through only part of a circular path, but the ideas of 
circular motion still apply. When an object repeatedly moves in a circle, we can describe its 
motion with another useful physical quantity, its period T  (do not confuse the symbol T  for 
period with the symbol T  for the force that a string exerts on an object). The period equals the 
time interval that it takes an object to travel around the entire circular path one time. For example, 
suppose that a bicyclist racing on a circular track takes 24 s to complete a circle that is 400 m in 
circumference. The period T  of the motion is 24 s.  

For constant speed circular motion we can determine the speed of the object by dividing 
the distance traveled in one period (the circumference of the circular path, 2 r/ ) by the time 

interval T  it took the object to travel that distance, or 2 rv T
/# . Thus, 
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2 rT
v
/

#         (4.4) 

We can express the radial acceleration of the object in terms of its period by inserting this special 

expression for speed in terms of period 2 rv T
/#  into Eq. (4.3): 

2 2 2 2
2

2 2

2 1 4 4( )  r
v r r ra
r T r T r T

/ / /
# # # #     (4.5) 

 Let’s use limiting case analysis to see if Eq. (4.5) is reasonable. For example, if the speed 

of the object is extremely large, its period would be very short ( 2 rT v
/# ). Thus, according to 

Eq. (4.5), its radial acceleration would be very large. That makes sense—high speed and large 
radial acceleration. Similarly, if the speed of the object is small, its period will be very large and 
its radial acceleration will be small. That also makes sense.  
 
Quantitative Exercise 4.3 Singapore hotel What is your radial acceleration when you sleep in a 
downtown hotel in Singapore at Earth’s equator? Remember that Earth turns on its axis once 
every 24 hours and everything on its surface actually undergoing constant speed circular motion 
with a period of 24 hours! A picture of Earth with you as a point on the equator is shown in Fig. 
4.7. 

 
Figure 4.7 Acceleration in Singapore 

  
Represent Mathematically Since you are in constant speed circular motion, Eq. (4.5) can be used 
to determine your radial acceleration. Your period T  is the time interval needed to travel once in 
this circle (24 h). Thus the magnitude of your radial acceleration is:  
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2 2

2

4  r
v Ra
R T

/
# #  

Solve and Evaluate At the equator, R = 6400 km and T = 24 h. So, making the appropriate unit 
conversions, we get the magnitude of the acceleration: 

2 6
2

2

4  (6.4 10 m)    0.034 m/s
(24 h 3600 s/h)ra / 1

# #
1

. 

Is this result reasonable? Compare it to the much greater free-fall acceleration of objects near 

Earth’s surface— 29.8 m/s . Your radial acceleration due to Earth’s rotation when in Singapore is 
tiny by comparison. This small radial acceleration due to Earth’s rotation around its axis can be 
ignored under most circumstances.  
Try It Yourself: Estimate your radial acceleration if in Anchorage, Alaska. Use Fig. 4.8 for help. 

Answer: About 20.02 m/s . Note that the period is the same but the distance of Anchorage from 
the axis of Earth’s rotation (the radial distance used in this estimate) is about two thirds of Earth’s 
radius.  

 
Figure 4.8 

 
 Remember that Newton’s laws were formulated and valid only for observers in inertial 
reference frames, that is, for observers who were not accelerating. Our experiments used to help 
develop Newton’s laws occurred on Earth’s surface. But, we just discovered that observers on 
Earth’s surface are accelerating due to Earth’s rotation. Can we use Newton’s laws to analyze 
processes occurring on Earth’s surface? Quantitative Exercise 4.3 helps answer this question. The 
acceleration due to Earth’s rotation is much smaller than the accelerations we experience in 
everyday life. This means that in most situations, we can assume that Earth is not rotating, and 
therefore does count as an inertial reference frame. This means Newton’s laws do apply with a 
high degree of accuracy when using Earth’s surface as a reference frame. 
 
Review Question 4.3 
Use dimensional analysis (inspecting the units) to evaluate whether or not the two expressions for 

centripetal acceleration (
2v

r and 
2

2
4 r

T
/ ) have the correct units of acceleration.  
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4.4 Skills for analyzing processes involving circular motion  
 When an object moves at constant speed in a circular path, the sum of the forces exerted on 
it by other objects points toward the center of the circle. The acceleration of the object also points 

toward the center of the circle and has magnitude 
2

r
va r# .  We can use this knowledge to 

analyze a variety of processes involving constant speed circular motion. In analyzing constant 
speed circular motion situations, we do NOT use x  and y -axes but instead use a radial r -axis, 

and sometimes a vertical y -axis—see the skill box below. 

 
Skill: Using a radial axis  

It is important when analyzing constant speed circular motion processes to choose 
one of the axes toward the center of the circle. We call it the radial r -axis.  The radial 

acceleration of magnitude 
2

r
va r#  is positive along this axis.  The method for using this 

coordinate system is illustrated for a child on an amusement park ride. The child sitting in a 
chair is moving past one position along the horizontal circular path (see the side view in Fig. 
4.9a). 

 
Figure 4.9(a) Analyzing amusement park ride 

 
1. Choose a position on the circular path along which the object moves and draw a force 
diagram for the object as it is passing that position (Fig. 4.9b). 

 
Figure 4.9(b) 

 
2. Draw an axis in the radial direction toward the circle’s center.  Label it the radial axis 
or the r -axis.  Since the acceleration points in this direction, its radial component is 
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positive. Notice that although the axis is horizontal in our example, its direction 
continuously changes as the object moves. 
3. For some situations in which the object moves in a circle in a horizontal plane, forces 
exerted on the object may have components perpendicular to the plane—in the vertical 
direction.   In such cases, draw another vertical y -axis.  

 
The application of Newton’s second law for circular motion using a radial axis is summarized 
below. 
 

Circular motion component form of Newton’s second law For the radial direction (the 
axis pointing toward the center of the circular path), the component form of Newton’s 
second law is:  

radial
r

Fa
m

&
#      or    r radialma F# &                        (4.6) 

where radialF&  is the sum of the radial components of all forces exerted on the object 

moving in the circle (positive toward the center of the circle and negative away from the 

center), and 
2

r
va r#  is the magnitude of the centripetal acceleration of the object.  

 For some situations, we also include in the analysis the force components along a 
perpendicular vertical y-axis (for example, a car moving around a highway curve or a 
person standing on the platform of a merry-go-round): 

y yma F# &                                     (4.7) 

The acceleration perpendicular to the circle in the y direction is usually zero. 
 

The strategy we will use to analyze processes involving constant speed circular motion is 
similar to that used in the last two chapters to analyze linear motion processes. This strategy 
is described below on the left side of the Problem Solving Table 4.4 and illustrated on the 
right side for a specific circular motion process. 

 
Example 4.4 Driving over a hump in the road Josh drives his car at a constant 12 m/s 
speed over a bridge whose shape is bowed in the vertical arc of a circle. Find the direction 
and the magnitude of the force exerted by the car seat on Josh as he passes the top of the 
30-m radius arc. His mass is 60 kg.  
Sketch and Translate:  
! Sketch the situation described 
in the problem statement. Label 
it with all relevant information. 
! Choose a system object as it 
passes one particular position 
along its circular path. 

A sketch of the situation is shown at the 
right. It includes all of the relevant 
information: Josh’s speed, his mass, and 
the radius of the arc along which the car 
moves. Josh is the system object of 
interest.  
 

AP 

4.4-6

ALG 

4.4.1-4.4.8 
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Simplify and diagram: 
• Decide if the system can be 
modeled as a point-like object.  
• Determine if the constant speed 
circular motion approach is 
appropriate. 
• Indicate with an arrow the 
direction of the object’s 
acceleration as it passes the 
chosen position.  
•  Draw a force diagram for the 
object at the instant it passes that 
position. 
•  On the force diagram, draw an 
axis in the radial direction 
toward the center of the circle. 

Consider Josh as a point-like object and analyze him as he passes the 
highest part of the vertical circle along which he passes.  
Assume that he travels at constant speed.  
 
A velocity change diagram as he passes the 
top of the circular path indicates that he has a 
downward radial acceleration toward the 
center of the circle.  
 
 
The forces exerted on him is shown in the force 
diagram. The net force must also point down. Thus, 
the upward normal force S on JN

!
that the car Seat 

exerts on Josh is smaller in magnitude than the 
downward gravitational force E on JF

!
that Earth 

exerts on Josh. A radial r-axis points down toward 
the center of the circle. 
 

Represent Mathematically:  
•  Convert the force diagram into 
the radial r r-component form of 
Newton’s second law. 
•  For objects moving in a 
horizontal circle (unlike this 
example), you may also need to 
apply a vertical y-component 
form of Newton’s second law. 

The radial form of Newton’s second law applied to this situation is: 
radialrma F# &     

The radial components of the two forces exerted on Josh are 

E on J E on JrF F mg# % # %  and S on J S on J rN N# $ . The magnitude of 

the radial acceleration is 2 / .v rra #  Therefore the radial form of 
Newton’s second law is:  

2

S on J( )
v

m mg N
r
# % % $  

Solving for S on J N , we have: 

S on J

2

–  
v

N mg m
r

#  

Solve and Evaluate: 
!  Solve the equations 
formulated in the previous two 
steps.  
! Evaluate the results to see if 
they are reasonable (the 
magnitude of the answer, its 
units, limiting cases). 

Substituting the know information into the previous equation, we get: 
2

2

S on J

(12 m/s)
= (60kg)(9.8 m/s ) – (60kg) 588 N – 288 N 300 N

(30 m)
.N # #  

The seat exerts a smaller upward force on Josh than Earth pulls down 
on him. You have probably noticed this effect when going over a 
smooth hump in a roller coaster or while in a car or on a bicycle when 
crossing a hump in the road—it almost feels like you are leaving the 
seat or starting to float briefly above it. This slight feeling is caused by 
the reduced upward normal force that the seat exerts on you. 

  
Try It Yourself: Imagine now that Josh drives on a road that has a dip in it. The speed of the 
car and the radius of the dip are the same as in the example. Find the direction and the 
magnitude of the force exerted by the car seat on Josh as he passes the bottom of the 30-m 
radius dip. 
Answer: The seat exerts an upward force of 876 N. This is almost 50 percent more than the 588-N 
force that Earth exerts on Josh—he sinks into the seat.  
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 The next three examples involve processes where some of the forces have non-zero radial 
r-components and some of the forces have non-zero vertical y-components. We need to use the 
component form of Newton’s second law in both the r-radial and y-directions. The first example 
can be a quantitative testing experiment—we use our knowledge of circular motion to make a 
prediction of the outcome of an experiment and then perform the experiment to see if the 
prediction is consistent with the outcome. Performing this testing experiment allows us to test 
both our expression for radial acceleration and also whether or not Newton’s second law applies 
for circular motion.  
 
Example 4.5 Toy airplane You have probably seen toy airplanes in a toy store or at the airport 
moving in a circle in a horizontal plane at the end of a string (Fig. 4.10). After the plane has been 
traveling for a short time interval, it reaches a constant speed and does not move up or down—
just around in a horizontal circle. The airplane we observed was attached to the end of a 46-cm 
string and made a 252  angle relative to the horizontal while flying. Predict the period of the 
airplane’s motion (the time interval for it to complete one circle). We can then check our 
prediction by measuring the period with a stopwatch. 

 
Figure 4.10 Toy airport airplane 

 
Sketch and Translate A sketch of the situation is shown in Fig. 4.11a and includes the known 
information: the length of the string and the angle of the string relative to the horizontal. The 
airplane is the object of interest.  

 
Figure 4.11(a) Analyzing toy airplane 

 
Simplify and Diagram Neglect the plane’s interaction with the air and assume that it is a point-
like particle moving at constant speed in a horizontal circle.  To draw a force diagram, identify 
objects that interact with the airplane – in this case, Earth and the string (see Fig. 4.11b). Include 
a vertical y -axis and a radial r -axis; note that the radial axis points horizontally toward the 
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center of the circle—not along the string. If the airplane moves at constant speed, its acceleration 
points toward the center of the circle—it has a radial component but does not have a vertical 

component. Thus, the vertical component of the force that the string exerts on the plane S on P yT
!

 

must balance the downward force that Earth exerts on the plane E on PF
!

, which has magnitude 

Pm g  (see the force diagram broken in components in Fig. 4.11c). The radial component of the 

force that the string exerts on the plane is the only force with a nonzero radial component. 
Therefore, the radial component of the tension force causes the plane’s radial acceleration.  

 
Figure 4.11(b)(c) 

 
Represent Mathematically Now, we use the force diagram to help apply Newton’s second law in 
component form. First apply the vertical y-component form of Newton’s second law: 

P y ym a F# & . Note that the y-component of the plane’s acceleration is zero. The y-components of 

the forces exerted on the plane are S on P S on P sin 25yT T# % 2 and E on P P–yF m g# . We can now 

rewrite the y-component form Newton’s second law as: 

S on P P0  sin 25T m g# % 2$  

 Next, apply the radial r-component version of Newton’s second law: P r radialm a F# & . 

The force exerted by Earth on the plane does not have a radial component. The radial 

component of the force exerted by the string on the plane is S on P S on Pcos 25rT T# % 2 . Thus: 

P S on Pcos 25rm a T# % 2 . 

The magnitude of the radial acceleration is given by Eq. (4.5). The above becomes: 

P S on P

2

2
4  cos 25rm T

T

/
# % 2  

Note that S on PT  represents the magnitude of the tension force that the string exerts on the airplane 

and T represents the period of the plane’s motion—the time interval it takes the plane to travel 
once around its circular path. Note also that the radius of the circular path is not the length of the 
string but is instead:  

 cos 25  (0.46 m)cos 25  0.435 m,r L# 2 # 2 #  

where L is the length of the string (46 cm).  
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Solve and Evaluate The goal is to predict the period T  of the plane’s circular motion. 

Unfortunately, the above radial application of Newton’s second law has three unknowns: S on PT  

and T plus the mass of the plane. However, we can rearrange the vertical y -equation to get an 

expression for the magnitude of the tension force exerted by the string on the plane:  

P
S on P .

sin 25
m gT #

2
  

Insert this expression for S on PT  into the radial component equation to get an expression that does 

not involve the force that the string exerts on the plane (and the mass cancels):  

  P
P

2

2
4  cos 25

sin 25
m grm

T

/
# 2

2
 

Divide both sides by the Pm , multiply both sides by 2T  and do some rearranging to get: 

2
24 sin 25
cos 25
rT

g
/ 2

#
2

 

Taking the square root of each side, we find that:  

sin 252
cos 25

rT
g

/ 2
#

2
 

Substituting the known information, we predict the period to be:    

2T /# 2

(0.435 m) sin 25
(9.8 m/s ) cos 25

2
2

  =  0.90 s. 

Our measurement with a stopwatch of the time interval needed for ten trips around the circle is 
9.2 s, or a period of 0.92 s for one trip. The discrepancy between the predicted result and the 

actual is about 2% (
0.92 0.90 100% 2%

0.90
$

1 # ). The uncertainty of the measured angle (at least 

1 degree for the measurement of 252 ) has an uncertainty of about 4%, larger than the 
discrepancy between the measured time interval and the calculated time interval. Thus we can say 
that within the experimental uncertainty, the prediction and the outcome are consistent. This gives 
us confidence in our expression for radial acceleration and the use of Newton’s second law for 
analyzing circular motion situations.  
Try It Yourself: Imagine that you replaced this plane with another plane of the same mass that 
moves with a speed of 6.2 m/s. You use a spring scale to measure the force that the string exerts 
on the plane to be 5.0 N. Predict the radius of the plane’s orbit. 
Answer: 0.44 m. 
 
 If you’ve been to a carnival or an amusement park, you might have seen or even been on 
a ride in which people stand up against the wall of a spinning circular room. The room (also 
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called the “drum”) spins faster and faster until all of a sudden the floor drops out! Amazingly, the 
people remain up against the wall with their feet dangling. How is this possible? This ride is 
called a “rotor ride”, and the next example will help you understand how it works. 
 
Example 4.6 Rotor ride A 62-kg woman is a passenger in a “rotor ride.” A drum of radius 2.0 m 
rotates about a vertical axis so that it completes one turn in 1.7 s. When the drum gets up to this 
turning rate, the floor drops out yet the woman does not slide down the wall of the drum. Imagine 
that you were one of the engineers who designed this ride. Which characteristics of the ride were 
important for making sure the woman remained stuck to the wall? Justify your answer 
quantitatively. 
Sketch and Translate This situation is more like problems engineers face every day. They are 
asked to design a device with a certain goal in mind, in this case to keep the woman from sliding 
down the wall of the drum. Representing the situation in different ways should help us decide 
what characteristics of the drum were important. We start with a sketch (Fig. 4.12a) along with all 
the relevant information. The woman will be the system of interest. Her mass m = 62 kg, the 
radius of her circular path is r = 2.0 m, and the period of her circular motion is T = 1.7 s. 

 
Figure 4.12(a) Rotoride 

    
Simplify and Diagram We model the woman as a point-like object and consider the situation once 
the drum has gotten up to its maximum (constant) speed. Because she is moving in a circular path 
at constant speed, her acceleration points toward the center of the circle and we can use our 
understanding of constant speed circular motion to analyze the situation. 
 Next, draw a force diagram for the woman as she is passing one point along the circular 
path (Fig. 4.12b).  She interacts with two objects – Earth and the drum. Earth exerts a downward 

gravitational force E on WF
!

on her. The drum exerts two forces on her: it pushes on her back 

perpendicular to its surface exerting a normal force D on WN
!

 toward the center of the circle, and 

the drum also exerts an upward static friction force D on Wsf
!

 parallel to its surface. Include a 

radial r  axis that points toward the center of the drum and a vertical y -axis pointing upward. 

Now looking at the force diagram, we see that if the maximum upward static friction force is less 
than the downward gravitational force, the woman will slip. Thus the engineer’s problem in 
designing the rotor ride can be formulated as follows. How large must the coefficient of static 
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friction be so that the static friction force exerted on the woman by the drum balances the force 
that Earth exerts on her?  

 
Figure 4.12(b) 

 
Represent Mathematically Use the force diagram to help apply the component form of Newton’s 
second law for the inward radial r  direction and for the vertical y  direction. The normal force is 

the only force that has a non-zero radial component.  

Radial r-equation:                          W r radialm a F# &   
2

D on W
vm N
r

3 #    

 Now, consider the y -component form of Newton’s second law. The static friction force 

 D on Wsf
!

 points in the positive y  direction, and the gravitational force E on WF
!

 points in the 

negative y direction. Since these forces must balance for the woman not to slip, the y  component 

of the woman’s acceleration should be zero.  

Vertical y-equation:  W y ym a F# &    

   D on W E on W0 (– ).sf F3 # %    

 Assume that the static friction force is at its maximum possible value, meaning 

 max D on W D on Ws sf N4#  and that s4  is the smallest (minimum) coefficient of static friction 

 mins4  that results in the woman remaining stationary. Substitute this minimum coefficient of 

static friction and the earlier expression for the normal force exerted by the drum into this 
expression: 

2

 max D on W  min D on W  min Ws s s
vf N m
r

4 4# # . 

Substituting this expression for  nax D on Wsf  and E on W WF m g#  into the vertical y  component 

application of Newton’s second law, we get: 
2

 min W W0 –s
vm m g
r

4# . 
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Notice that the woman’s mass cancels out of this equation. This means that the rotor ride works 
equally well for any person, independent of the person’s mass!  

 Now we can determine the minimum value of mins4  needed to prevent the woman from 

sliding. To do this, we divide both sides by 2
Wm v  and multiply by r  and rearrange to get: 

 min 2 .s
gr
v

4 #  

We find the woman’s speed by using the information we have about the radius and period of her 

circular motion: 
2 .rv
T
/

#  Plug this expression for the speed into the equation above for the 

coefficient of friction:  
2 2

2 2 2 24 4s
gr grT gT
v r r

4
/ /

# # #  

Solve and Evaluate We can now use the given information to find the coefficient of friction: 
2 2 2

2

9.8m/s (1.7s) 0.36
4 4 9.87 2.0ms
gT

r
4

/
1

# # #
1 1

 

To evaluate the answer, first consider the units and the magnitude of the answer. The coefficient 
of friction is a number with no units (also called dimensionless), and our answer also has no units. 
The magnitude 0.36 is reasonable and easy to obtain with everyday materials. To be on the safe 
side we probably want to make the surface rougher with twice the coefficient of static friction. 
The limiting case analysis of the final expression also supports the result. If the drum is stationary 
(T # 5 ), the coefficient of static friction would have to be infinite—the person would have to be 
glued permanently to the vertical surface. Perhaps most important, the required coefficient of 
static friction does not depend on the mass of the rider—the ride works equally well for people of 
all different mass. Earth exerts a greater gravitational force on a more massive person. But, the 
drum also pushes toward the center exerting a greater normal force, which leads to an increased 
friction force. The effects balance and the mass does not matter. 
Try It Yourself: Merry-go-rounds have special railings, which parents can hold when riding. What 
is the purpose of railings? Answer this question by drawing a force body diagram for an adult 
standing on a rotating merry-go-round. 
Answer: The railings exert a force on the person in the radial direction. This force provides the 
necessary radial acceleration. 
 
 The previous two examples seemed quite different on the surface. But, the physics used 
to analyze them was not that different. In each case only one of the forces exerted on the system 
caused its radial acceleration: the radial component of the tension force exerted by the string on 
the toy plane, and the normal force exerted by the drum on the woman in the rotor ride. Let’s 
analyze one last situation involving cars and racetracks.  
 

AP 

4.7 
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Cars and racetracks 
 In Chapter 3 we used the idea of static friction to understand how a car speeds up or 
slows down. However, we did not consider why we needed to keep pushing on the gas pedal to 
keep the car moving at constant speed. The engine inside the car makes the axle and car tires 
rotate; the tires push back on the ground in the direction shown in Fig. 4. 13a. The ground in turn 
pushes forward on the car in the opposite direction as shown in Fig. 4.13b. This forward static 
friction force that the road exerts on the car is necessary to counteract: air resistance pushing back 
on the car, friction in the moving parts in the car engine and transmission, and a slight 
deformation of the tires when in contact with the road (rolling resistance). Thus we need to push 
the gas pedal to keep the car moving at constant speed. Now, let’s consider an example involving 
high-speed motion on a speedway. 

 
Figure 4.13 Static friction propels car 

 
Example 4.7 Texas Motor Speedway The Texas Motor Speedway is a 1.5-mile long oval track. 
One of its turns is about 200 m in radius and is banked at 242  above the horizontal. How fast 
would a driver’s car have to move so that it does not need to depend on friction to prevent it from 
sliding sideways off the raceway (into the infield or off the track)? 
Sketch and Translate We start by drawing top view (Fig. 4.14a.) and rear view (Fig. 4.14b) 
sketches of the situation. The car is the system object. The sketches include all the relevant 
information. 

 
Figure 4.14 Racecar on inclined track 

 
Simplify and Diagram Neglect the friction force that the road exerts on the car parallel to the 
road’s surface. Model the car as a point-like object that moves along a circular path at constant 
speed. The car interacts with Earth, the surface of the road (through a normal force perpendicular 
to the surface and through static friction force), and the opposing resistive forces. As the car 
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travels at constant speed, the forward static friction force and the resistive forces (for example, air 
drag) should balance. We will for simplicity omit them on the force diagram shown for the car in 
Fig. 4.14c when halfway around the curve. Since the car is traveling at constant speed, the net 
force exerted on the car should point toward the center of the circle.  

 
Figure 4.14(c) 

 
 Our goal is for the car to make the turn without friction preventing the car from sliding 
outward off the road or inward toward the center of the track. So the horizontal radial component 

of the normal force R on CN
!

 that the road exerts on the car must cause its radial acceleration. Since 

the vertical y-component of the car’s acceleration is zero, the vertical y-component of the normal 

force should balance the downward gravitational force E on CF
!

 that Earth exerts on the car. 

Represent Mathematically Now, use the force diagram to construct the radial r  and vertical y  

component forms of Newton’s second law to get two equations that represent the process. Let’s 
start with the vertical y  equation.  

 Vertical y -equation:  C y ym a F# &  

From the force diagram, we see that the y -component of the normal force exerted by the road on 

car is R on C R on C cosyN N (# . The y -component of the gravitational force exerted by Earth on 

car is  E on C E on C C–yF F m g# $ # . Therefore 

C R on C Ccos (– )ym a N m g(# %  

Substituting 0ya # , we get: R on C C0  cos – .N m g(#  Or, 

R on C Ccos .N m g( #          (4.8) 

Notice that the angle in the force diagram is the angle that the normal force makes with the 
vertical axis—this is the same angle that the inclined surface makes with the horizontal. 
 Now, apply the radial component equation. 

 Radial r -equation:   C r raduakm a F# &  

The only force that has a radial component is the normal force exerted by the road on the car. The 

r -component is R on C R on C sin .rN N (#  The radial component of Newton’s second law for the 

radial axis becomes: 
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2

C R on C sinvm N
r

(#                            (4.9) 

Now combine Eqs. (4.8) and (4.9) to eliminate R on CN  and determine an expression for the speed 

of the car. To do this, divide Eq. (4.8) by Eq. (4.9) with the sides of each equation containing 

R on CN  on the left: 

R on C C
2

R on C
C

 cos .
 sin

N m g
vN m
r

(
(
#  

Canceling R on CN  on the left side and the Cm  on the right side and remembering that 

cos 1
sin tan

(
( (
# , we get: 

2

1 .
tan

gr
v(

#  

To find the speed we multiply both sides of the equation by 2 tanv ( . This leaves us with 2v  on 
the left side of the equation: 

2 =  tanv gr ( .  

Solve and Evaluate The road is banked at angle 24( # 2  and has a radius 200 m.r #  Thus,  
2 =  tan (9.8 m/s )(200 m)tan 24 29.5 m/s = 30 m/s 66 mphv gr ( # 2 # # . 

This is clearly much less than the speed of actual racecars. 
Try It Yourself: The turns on bobsled runs are often much steeper than 242  above the horizontal. 
Based on our above analysis, explain why bobsleds can travel faster around turns because of the 
steeper angles. In addition, how does the radius of the turn affect the speed that can be traveled 
without skidding or without the help of friction? 
Answer: The equation for the speed that we developed in the example shows that the speed of a 
moving object safely negotiating the turn without help from friction is directly proportional to the 
square root of the product of the radius of the turn and to the tangent of the angle at which the 
turn in banked. Thus, a greater banking angle (a greater value for tan(  in the numerator) allows 
a driver to negotiate the same turn at a higher speed. Similarly, if the radius of the turn increases 
with the same banking angle, then you have to travel faster to not slide down or up on the 
embankment.  
 
Sideways friction keeps cars on tilted curves 
 In the last example, we found that racecars traveling on a frictionless tilted track would have 
to move at non-racing speeds (about 60 mph) to stay on the racetrack. On April 29, 2001 during 
practice runs before the inaugural race at the Texas Motor Speedway, the speeds of the racecars 
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were more than 230 mph (103 m/s).  What keeps them on the track when going at such high 
speed?  We can understand better by considering limiting cases.  

Consider first what prevents the car from sliding into the infield while going around a turn 
on a racetrack. Suppose the track is tilted at about 300 above the horizontal and the racecar is just 
sitting there at rest facing in the direction it would travel during a race (Fig. 4.15a - a limiting 
case). If there were no friction, the car would slide sideways down the track into the infield. To 
prevent this from happening, the road exerts an outward pointing static friction force on the car 
tires (Fig. 4.15b). The same thing happens if the car is moving slowly around the tilted track—the 
track exerts an outward pointing static friction force that keeps the car moving at the same 
elevation on the track.  

   
Figure 4.15 Friction keeps low-speed car on tilted track 

 
What happens if the car is going really fast—almost infinite mph—while going around a 

turn on a racetrack? This is another limiting case. The car would not be able to make the turn and 
would move straight ahead as the track turned toward the left. The car would go up off the side of 
the track (Fig. 4.16a). If it was going slower but still very fast, it might be able to make the turn 
but something would have to push in on the car toward the center of the track. The inward force is 
again caused by static friction  (Fig. 4.16b) that prevents the car from moving straight ahead and 
off the track.  

 
Figure 4.16 Friction keeps high-speed car on tilted track 

 
In summary, if the car is moving slowly, static friction pushes outward on the car tires 

preventing the car from sliding into the infield. If the car is going fast, static friction pushes in on 
the sides of the car tires preventing the car from driving straight and off the track. And of course, 
the road is also exerting a static friction force on the car tires in the direction of motion (tangent 
to its circular path). This force is needed to counter the opposing air resistance and rolling 
friction. So, static friction makes racing possible.  
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Tip! Remember, that there is no special force that causes the radial acceleration of an object 
moving at constant speed along a circular path. This acceleration is caused by all of the forces 
exerted on the object of interest by other objects (Earth, the surface of a road, a rope…). Add the 
radial components of these regular forces to find the net force causing the radial acceleration of 
the system object.  There is no such thing as a centripetal force! 
 
Review Question 4.4 
How is the circular motion component form of Newton’s second law different from the version 
introduced in Section 3.5? 
 
 

4.5 Conceptual difficulties with circular motion 
 Newton’s second law applies to circular motion just as it applies to linear motion. 
However, some everyday experiences seem to contradict what we have learned about the 
applicability of Newton’s second law applied to circular motion. Consider the following everyday 
experience. 
Is Newton’s second law contrary to other everyday circular motion experiences? 
 We have all experienced the sensation of being thrown outward when going at high speed 
in a car around a turn. Imagine that you sit on the left side of the back seat of a car moving at high 
speed on a straight road. After traveling straight for a while, the car starts to make a high speed 
left turn (Fig. 4.17). The car seat is slippery and you aren’t holding on to anything. As the car 
turns left, you start sliding across the seat toward the right with respect to the car until you hit the 
door on the other side of the car. This feeling of being thrown outward in a turning car seems 
inconsistent with the idea that the net force points toward the center of the circle during circular 
motion. The feeling that there is a force pushing outward on you seems very real, but what object 
is exerting that force? There isn’t one! What happened? Actually, we made a fairly major mistake 
in our reasoning.  

 
Figure 4.17 Person in car as it makes high-speed left turn 
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 Remember that Newton’s laws of motion explain motion only when made by an observer 
in an inertial reference frame. Since the car is accelerating as it goes around the curve, it is not an 
inertial reference frame. We cannot use that reference frame to analyze your motion. Instead, let’s 
consider this situation from the point of view of an observer standing on the side of the road.  
 To the roadside observer, you and the car were moving at constant velocity before the car 
started turning. The forces exerted on you by Earth and the car seat balanced. When the car 
started turning left, the roadside observer saw you continue to move along the same straight line, 
shown in Fig. 4.17 (we assume that the seat is slippery, so that when you started moving with 
respect to it, the friction force that the surface of the seat exerted on you was very small). The 
roadside observer saw the car begin turning to the left and you continued traveling with constant 
velocity because the net force that other objects exerted on you was zero.  When the door finally 
intercepted your forward moving body, it started exerting a force on you toward the center of the 
circle. At that moment, you started moving with the car at constant speed but changing velocity 
along the circular path. The change in the direction of your velocity was caused by the normal 
force exerted on you by the door. 
 
Review Question 4.5 
Think back to Example 4.6 (the rotor ride). Use your understanding of Newton’s laws and 
constant speed circular motion to explain why the woman in the ride seems to feel a strong force 
pushing her against the wall of the drum. 
 
 

  
Figure 4.18 Car moving faster around turn in road 

 

4.6 Circular motion with changing speed 
 So far we only considered situations when an object moves in a circle at constant speed. 
What can we do if the speed of the object is not constant? Consider the kinematics first. The car 
in Figure 4.18a makes a turn at increasing speed.  To estimate the direction of the car’s 
acceleration as it passes point A, we use the velocity change method (Fig. 4.18b). Notice that the 
acceleration does not point toward the center of the circular path. However, we can resolve the 
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acceleration vector into two vector components, a radial r -vector component pointing toward the 
center and a tangential t -vector component pointing perpendicular to the radial axis (tangent to 
the circular path). The radial component is present because the direction of the velocity is 
changing as the car moves along the circular path. The tangential component is present because 
the car’s speed is changing.  If the car’s speed is increasing, the tangential component of 
acceleration points parallel to the car’s velocity; if the speed is decreasing, the tangential 
component of the acceleration points opposite the car’s velocity. 

Let’s use our understanding of components of acceleration to analyze another process - a 
swinging pendulum. The pendulum consists of a compact ball attached to a long non-stretchable 
string swinging in a vertical plane (Fig. 4.19). As the length of the string is constant, the motion 
of the ball along the arc is circular motion. However, it is not motion at constant speed as the ball 
starts at rest and then travels faster and faster as it swings downward to the bottom of the arc and 
then slows down to a stop as it swings upward on the other side. 

 
Figure 4.19 Path of swinging pendulum bob 

  
What is the direction of the acceleration of the ball as it passes a point partway from the 

top of the arc on the left to the bottom (point A in Figs. 4.19 and 4.20a)? At point A the velocity 

change method indicates the direction of the ball’s Av"! vector, which is the same as the direction 

of the ball’s acceleration vector Aa! , points neither along the string nor tangent to it. The 

acceleration vector has two vector components – a radial component along the string Ara! and a 

tangential component Ata! perpendicular to the string. The radial component of the acceleration 

reflects the change in the direction of the velocity vector (the change is along the radial direction) 
and the tangential component of the acceleration reflects the change in the magnitude of the 
velocity vector—the change in speed. 

If we apply the same velocity change method to two other points along the arc (Figs. 4.20 
b and c), we see that the same pattern persists for point C but not for point B – the bottom of the 
arc. Since the lengths of the ball’s velocity vectors just before and just after it passes B are equal, 
the tangential component of the ball’s acceleration is zero; at B the ball’s acceleration points 
directly upward along the radial direction.  

Let us now analyze the forces exerted on the ball. The vector sum of the forces that other 
objects exert on the ball should point in the same direction as its acceleration. There are two 
objects interacting with the ball – the string and Earth. The string exerts a tension force on the 
ball in the direction of the string toward the center of the circular – a force whose direction is 
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continuously changing. Earth exerts a constant downward gravitational force on the ball. In order 
to construct a force diagram for the ball, we also need to know the relative magnitudes of those 
forces – is the force exerted by the string smaller, larger, or the same in magnitude as the constant 
force exerted by Earth?  To answer these questions we will use the direction of the ball’s 
acceleration as it passes a particular position where we already know the acceleration and then 
draw a force diagram that is consistent with the acceleration. 

   
 

 
Figure 4.20 Acceleration directions of pendulum bob 

 
At point A the net force should point a little below the horizontal in the same direction as 

the acceleration in Fig. 4.20a. If you first draw the downward gravitational force that Earth exerts 
on the pendulum bob and then draw a tension force in the direction that the rope pulls on the rope, 
its length will be such that the net force points a little below the horizontal (see Fig. 4.21a). The 

net force points approximately in the direction of Aa! .  

Consider next point B. Both forces point along the radial direction: the force exerted by 
the string points up and the force exerted by Earth is straight down (Fig. 4.21b).  The magnitude 
of the force exerted by the string on the bob must be larger than the force exerted by Earth in 

order that the bob’s acceleration Aa!  points up as in Fig. 4.20b.  

The acceleration at C Ca! is toward the left and upward (Fig. 4.20c). It appears that the 

force the string exerts on the ball is larger in magnitude than at A but perhaps less than at B (see 

Fig. 4.21c) in order that the net force is approximately in the same direction as Ca! .  
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Figure 4.21 Force analysis of bob during pendulum swing 

 
Testing the relationship between force and acceleration 

 The force analysis in Fig. 4.21 was based on our belief that the direction of the net force 
exerted on the pendulum bob during circular motion should be in the same direction as its 
acceleration direction—in Newton’s law applied to circular motion. Let’s perform an experiment 
and see if the predictions based on this idea agree with experimental testing.  

Attach a spring scale to the top of the pendulum string so that we can measure the tension 
force exerted by the string on the ball (Fig. 4.22a). When the ball hangs at rest, the reading of the 
scale is 1.0 N. The force diagram in Fig. 4.22b shows the forces that other objects exert on the 
ball when hanging at rest. The diagram in (c) shows the forces exerted on the ball when it passes 
the lowest point while swinging. Since the spring scale reads the force that the string exerts on the 
ball, the reading should be greater than 1.0 N when the bob swings past the bottom of the arc. 
When we perform the experiment, we do observe that the reading is somewhat greater than 1.0 N. 
We also find that the string force at the bottom is even greater when the ball has a higher starting 
position. How can we explain that? Let’s investigate that question. 

 
Figure 4.22 Testing the force magnitude at bottom of swing 
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Quantitative Exercise 4.8 A swinging ball A ball swings like a pendulum so that it moves back 
and forth in an arc of a vertical circle. How does the force that the string exerts on the ball when it 
passes the bottom of the circle depend on the speed of the ball?  For comparison, use the sketch 
and the force diagram for the hanging ball in Figs. 4.22a and b.   
Represent Mathematically Choose a coordinate system with the radial axis pointing up toward the 
center of the circle. Using the force diagram in Fig. 4.22c for the ball passing the lowest point but 
now moving, we can write the radial component form of Newton’s second law 

( B on B r rm a F#6 ) for the ball when passing the bottom of the circle:  

2

B E on B S on B r r
vm F T
r

3 # % , 

The force components are E on B BrF m g# $  and S on B S on B rT T# % . Therefore,  
2

B B S on B ( )vm m g T
r
# $ % . 

Rearranging this equation, we find an expression for the tension force that the string exerts on the 
ball as it passes the lowest point along the arc:   

2 2

S on B B B B
v vT m m g m g
r r

) *
# % # %+ ,

- .
.    (4.10)  

Solve and Evaluate From the Eq. (4.10), we see that the tension force exerted by the string on the 
ball must be larger when the speed of the ball at the bottom of its motion is larger. We observe a 
greater string force on the ball if the ball is released from a higher elevation than from a lower 
elevation. Therefore, the ball must move faster at the bottom if released from a higher elevation 
than when released from a lower elevation.  
Try It Yourself: Imagine that you swing the ball of mass m in a complete vertical circle, moving at 
speed v at the top of the circle. Construct a force diagram for the ball as it passes through the top 
of the circle. Also, express the magnitude of the force that the string exerts on the bob at that 

moment in terms of Bm  and v .  

 
Figure 4.23 Force of string on ball as passes top of swing 

 
Answer: The situation is shown in Fig. 4.23a and a force diagram is shown in Fig. 4.23b. The 
magnitude of the force is 

2

R on B B B–vT m m g
r

# . 
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The example above has a practical application relating to a safety consideration when 

swinging on a rope. Three adventurers arranged to cross a river by sitting in a large truck tire tied 
to a long rope that was attached at the other end to a crane. Their goal was to swing, in front of 
television cameras, down from a bridge and skim just above the water and up to another bridge on 
the other side (Fig. 4.24). The adventurers had sat in the tire with the rope hanging straight down 
to be sure that it would support their weight. Then, the tire with the passengers and the rope were 
pulled up to the side. When released, they swung down. Unfortunately, the rope broke near the 
bottom of the swing as they were skimming near the water. One of the adventurers was seriously 
injured. If they had understood the dynamics of circular motion as you do now, the accident could 
have been avoided. 

 
Figure 4.24 A trick that didn’t work 

 
An exciting application of the Try It Yourself question in the last example is a trick that 

you can perform outside your house or apartment. Take a bucket with water and swing it in a 
vertical circle.  If you swing the bucket fast enough, the water does not come out of the bucket 
even at the top when the bucket is upside down! You can use the answer to the above Try It 
Yourself question to explain how this is possible. Once you’re convinced, go outside, try it and 
amaze your friends. 

 
Review Question 4.6 
A pendulum swings back and forth. When it is swinging down from the side but not yet at the 
lowest point in its swing, its speed is increasing.  Which of the two forces exerted on it by other 
objects (the string and Earth) provides the tangential component of the acceleration as it is 
swinging down? Explain. 
 
 

4.7 Investigating the gravitational force  
 So far we investigated examples of circular motion encountered in everyday life on or near 
the surface of Earth. There are much grander examples—planets moving around the Sun, and 
satellites and our Moon moving around Earth.  
Observations and explanations of planetary motion 

By Newton's time, scientists already knew a great deal about the motion of the planets in 
the Solar System. Planets were known to move around the Sun at approximately constant speed 
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in almost circular orbits. (Actually the orbits have a slightly elliptical shape.)  However, no one 
had a scientific explanation for what was causing the Moon and the planets to travel in their 
nearly circular orbits. In fact, most people assumed that the cause of celestial motion was 
fundamentally different from the relationship between force and motion on Earth. Some scientists 
were looking for objects exerting forces on the celestial bodies that pushed or pulled them in their 
direction of motion. However, they could not find any objects exerting these forces.  

Newton was among the first to hypothesize that the Moon moved in a circular orbit 
around Earth because Earth pulled on it continuously changing the direction of the Moon’s 
velocity. He wondered if the force exerted by Earth on the Moon was the same type of force as 
the force that Earth exerted on falling objects, such as an apple falling from a tree. 
The gravitational force’s dependence on distance 
 Newton realized that directly measuring the gravitational force exerted by Earth on 

another object was impossible. However, Newton’s second law ( netFa m#
!

!
) provided an indirect 

way to determine the gravitational force exerted by Earth: measure the acceleration of the object 
and use Newton’s second law to determine the gravitational force. He knew that the Moon was 

separated from Earth by about 8
M 3.8  10  mr # 1 . This distance is roughly 60 Earth radii 

( E60R ). Note the number 60—it will turn out to be very important in a moment.  With this 

distance and the Moon’s orbital period of 27.3 days, Newton was able to use Eq. (4.5) to 
determine the Moon’s radial acceleration: 

E

3 2
 at 60

2 8 2 8

2 6 2

2

2
4 4 (3.8 x 10  m) 4 (3.8 x 10  m) 2.69 10 m s

[(27.3 d)(86400 s/d)] (2.36 x 10  s)
r R R

Ra
T

/ / / $
# # # # # 1  

Remember, when an object is traveling with constant speed circular motion (which the Moon 
does to a good approximation), the object’s acceleration points toward the center of the circle. 
 He then did a similar analysis for a second situation. He imagined what would happen if 
the Moon were condensed to a small point-like object (while keeping its mass the same) and was 
located near Earth’s surface (this is definitely a thought experiment). This would place the Moon 

particle at a distance of one Earth radius ( E1 R ) from Earth’s center. If the Moon only interacted 

with Earth, it would have the same free fall acceleration of any object near Earth’s surface (9.8 
m/s2), as this acceleration is independent of mass.  Now Newton knew the Moon’s acceleration at 
two different distances from Earth.  

 Newton then used this information to try to determine how the gravitational force that 
one object exerts on another depended on the separation of the objects. He began looking for a 
way to relate these two situations. He did this by taking the ratio of these two accelerations, and 
using Newton’s second law:  

E E E

E E E

 at 60 E on Moon at 60 moon E on Moon at 60

 at 1 E on Moon at 1  moon E on Moon at 1  

/
/   

r R R R R R R

r R R R R R R

a F m F
a F m F

# # #

# # #

# #  
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Notice that the Moon’s mass cancels when taking this ratio. Substituting the two accelerations he 
had observed, Newton made the following comparison between the forces: 

E E

E E

3 2
E on Moon at 60  at 60

2 2
E on Moon at 1   at 1

2.69 10  m/s 1 1
 9.8 m/s 3600 60

R R r R R

R R r R R

F a
F a

$
# #

# #

1
# # # #  

E EE on Moon at 60 E on Moon at 1  2

1
60R R R RF F# #3 #  

 Suppose that the gravitational force that causes the Moon’s radial acceleration as it 
moves around Earth is the same gravitational force that makes the objects near Earth fall onto its 
surface. The force exerted on the Moon when the Moon is at a distance of 60 times Earth’s radius 

is 21 60  times the force exerted on the Moon when it is near Earth’s surface (about 1 times 

Earth’s radius). It appears that as the distance from Earth to the Moon increases, the gravitational 
force exerted by Earth on the Moon decreases in a specific mathematical way. If the distance 

increases by a factor of 2, the gravitational force decreases by a factor of 21 2 1 4# . If the 

distance increases by a factor of 5, the gravitational force decreases by a factor of 21 5 1 25# . If 

the distance increases by a factor or 60, the force decreases by a factor of 21/ 60 1/ 3600# . This 
suggests that the gravitational force that Earth exerts on the Moon depends on the inverse square 
of its distance from the center of Earth:  

E on Moon at 2

1
rF

r
'        (4.11) 

Actually, the measurements to which Newton had access were not as precise as ours because the 
distance to the Moon was poorly known. But they were good enough for him to suggest the above 
pattern and believe he was on the right track.   
 
Tip! You might be wondering why if Earth pulls on the Moon, the Moon does not come closer to 
Earth the same way an apple that falls from a tree does. The difference in these two cases is the 
speed of the objects. The apple is at rest with respect to Earth before it leaves the tree, and the 
Moon is moving. Think of what would happen to the Moon if Earth stopped pulling on it  – it 
would fly away along a straight line. 
  
The gravitational force’s dependence on masses 
 The next part of the investigation was to determine in what way the gravitational force 
depended on the masses of the interacting objects. Remember that the free fall acceleration of an 
object near Earth’s surface does not depend on the object's mass. All objects have the same free 

fall acceleration of 29.8 m s : 

E on O
O

O

Fa g
m

# #  
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Mathematically, this only works if the magnitude of the gravitational force E on OF  is proportional 

to the mass of the falling object: E on O OF m g# .  Newton assumed that the gravitational force that 

Earth exerts on the Moon has this same feature—the gravitational force must be proportional to 
the Moon’s mass: 

       E on M MoonF m'     

 (4.12) 
The last question was to decide whether the gravitational force exerted by Earth on the 

Moon depends only on the Moon’s mass or on the mass of Earth as well. Here, Newton’s own 3rd 
law suggested an answer. If Earth exerts a gravitational force on the Moon, then according to 
Newton’s 3rd law the Moon must also exert a gravitational force on Earth that is equal in 
magnitude (see Fig. 4.25).  

 
Figure 4.25 Earth and Moon exert equal magnitude and oppositely directed forces on each other 

 
Because of this, he decided that the gravitational force exerted by Earth on the Moon should also 
be proportional to the mass of Earth: 

E on M M on E EarthF F m# '      (4.13) 

The dependence of gravitational force on separation and masses 
 Newton then combined Eqs. (4.11) - (4.13) obtaining a mathematical relationship for the 
dependence of the gravitational force on all these factors:  

Earth Moon
E on M M on E 2

m mF F
r

# '      (4.14) 

Newton further proposed that this was not just a mathematical description of the gravitational 
interaction between Earth and the Moon, but that it was more general and described the 
gravitational interaction between any two objects. He called this equation the “Law of 
Gravitation.” 
How strong is the gravitational pull? 
 When Newton devised Eq. (4.14), he did not know the masses of Earth and the Moon and 
could not measure the force that one exerted on the other. Thus, the best he could do was to 
construct the above proportionality relationship. To turn Eq. (4.14) into an equation that could 
predict the magnitude of the gravitational force exerted by one object on another, physicists 



Etkina/Gentile/Van Heuvelen Process physics 1e Ch 4                                             4-39 

would need to determine the constant of proportionality that multiples the right hand side of the 
equation. 
 The problem of determining the constant of proportionality remained unsolved for more 
than 100 years. Finally, the English physicist Henry Cavendish in 1797-98 devised an experiment 
that was able to do it (although he himself did not determine it). He used an apparatus called a 
torsion balance. He attached two 5-cm lead spheres at the ends of a rod that was suspended at its 
middle from above by a thin wire. He then brought large 30-cm lead spheres near each of the 
smaller lead spheres (see Fig. 4.26). The large spheres exerted gravitational forces on the smaller 
spheres causing the rod to turn very slightly, and thus twisting the thin wire. Cavendish was able 
to relate the amount the wire twisted to the magnitude of the gravitational force being exerted on 
the small spheres. So, by measuring the angle of the twist of the wire, Cavendish could infer the 
magnitude of the gravitational force exerted by one large sphere on one small sphere.  Cavendish 
did not use these measurements to determine the value of the constant in the law of gravitation. 
He used them to compare the force exerted on a small ball by a large ball with the force exerted 
on the small ball by Earth. He then used the ratio of those forces to determine Earth’s average 
density (this was very important in astronomy).  

 
Figure 4.26 Cavendish experiment to measure gravitational constant 

 
Cavendish was a brilliant experimentalist. The forces that the spheres exerted on each 

other were so weak that even minute air currents disturbed the experiment. To deal with this, 
Cavendish put the apparatus in a box, left the box in one room, and observed the ball movement 
and twisting through a window in the box with a telescope from another room. Although as we 
said above, Cavendish himself did not determine the value of G , other physicists used his data to 
determine it. The first published result (75 years after Cavendish performed his experiment) for 

the constant of proportionality ( 11 2 26.74 10  N m kg$1 7 ) was very close to the presently 

accepted value:  
11 2 26.67 10  N m kgG $# 1 7   

This constant G is known today as the universal gravitational constant. We can now write a 
complete mathematical equation for the gravitational force that one mass exerts on another: 

1 2
 1 on 2 2g

m mF G
r

#       (4.15) 
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 Notice how small the value of the universal gravitation constant is. If you take two objects 
each with a mass of 1.0 kg and separate them by 1.0 m, the force that they exert on each other 

equals 116.67 10  N$1 . This means that the gravitational force that objects like us (with masses of 
about 50-100 kg) exert on each other is extremely weak. However, because of the huge masses of 

celestial objects (Earth’s mass is 246.0 10  kg1  and the Sun’s mass is 302.0 10  kg1 ), the 

gravitational forces that they exert on each other are very large, despite the small value of the 
gravitational constant. 
Newton’s third law and the gravitational force 
 It is interesting to apply the new relationship to familiar objects. The mass of Earth is 

approximately 246.0 10  kg1 . The mass of a tennis ball is approximately 50 g, or –25.0 10  kg1 . 

How does the gravitational force that Earth exerts downward on the ball compare to the upward 
force that the ball exerts on Earth? According to Newton’s third law, interacting objects exert 
forces of equal magnitude and opposite direction on each other. The gravitational force exerted 
by Earth on the ball has the same magnitude as the force that the ball exerts on Earth. Equation 
(4.15) is consistent with this idea: 
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(In the denominator we used the distance between the center of Earth and the center of the ball). 
Doesn’t this seem strange though, that the ball exerts a gravitational force on Earth? After all, 
Earth doesn’t seem to react every time someone drops something. But, that’s exactly the point; 
Earth doesn’t seem to react. According to Newton’s 2nd law, if the ball exerts a nonzero net force 
on Earth, then Earth should accelerate. What is the magnitude of this acceleration? 

26 2B on E
E 24

E

0.49 N 8.2 10 m s
6.0 10  kg

Fa
M

$# # # 1
1

 

That’s why Earth doesn’t seem to react to the gravitational force exerted on it by the ball. It is 
reacting, but the acceleration is so tiny that there is no known way to observe it. On the other 
hand, the acceleration of the ball is easily noticeable since the ball’s mass is so much smaller. 

2E on B
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Is Newton’s law of gravitation consistent with gF mg# ? 

Newton’s law of gravitation is not the first expression that we have used to determine the 
gravitational force that one object with mass (such as Earth) exerts on another object with mass 
(such as ourselves or a ball). Prior to this we determined the gravitational force that Earth exerts 
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on an object near its surface using E on O OF m g# , where Om  is the mass of the object. Are these 

two expressions consistent? We’ll find out in the next exercise. 
 
Quantitative Exercise 4.9 Free-fall acceleration near Earth’s surface Use Newton’s law of 
gravitation to determine the free-fall acceleration of an object near Earth’s surface. 
Represent Mathematically We use Newton’s second law for an object falling freely near Earth’s 
surface to determine its acceleration. The only force exerted on the falling object is the 
gravitational force due to Earth’s mass. Thus, 

Earth on object Earth object Earth Earth
object

object object Earth

2( ) /
      2

F GM m R GM
a

m m R
# # #  

Solve and Evaluate Earth’s mass 24
Earth = 5.98 10 kgM 1  and its radius 6

Earth  6.38 10  mR # 1 . 

(These are slightly more precise values than we used in the above discussion). Thus, the free fall 
acceleration on Earth is: 

2
-11

Earth
object

Earth
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This is exactly the free-fall acceleration of objects near Earth’s surface. The expression 

E on O OF m g#  is actually a special case of the law of gravitation. It is used to determine the 

gravitational force that Earth exerts on objects when near Earth’s surface. It does not work in 
other situation such as the gravitational force exerted by the Sun on Earth, or the force exerted by 

Earth on the Moon. The fact that the experimentally measured value of 29.8 m/s  for the free fall 
acceleration agrees with the value calculated using the law of gravitation gives us more 
confidence in the correctness of the law. This consistency check serves the purpose of a testing 
experiment. 
Try It Yourself: Use a similar technique to determine the free fall acceleration of an object near 
the surface of the Moon (relevant information can be found in Appendix xx). Is it easier to dunk a 
basketball on the Moon or on Earth? Explain. 

Answer: 21.6 N/kg = 1.6 m/s . It would be much easier to dunk a basketball when on the Moon 

since the gravitational force exerted by the Moon on you is significantly less than the force 
exerted by Earth on you. 
 

Notice that the free fall acceleration is constant for all objects only if we assume that they 
are very close to Earth’s surface. In fact, the farther away from the center of Earth the object is, 
the smaller its free-fall acceleration. However, even when the objects are farther away from the 
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center of Earth and their free fall acceleration is smaller than 29.8 m/s , that smaller acceleration 
is still the same value for objects of different mass. 
 
Review Question 4.7 
Give an example that would help a friend better understand how the magnitude of the universal 

gravitation constant 11 2 26.67 10  N m kgG $# 1 7  affects everyday life. 

 
 

4.8 Kepler’s laws and testing the law of gravitation 
 Newton devised the law of gravitation using data for the motion of the Moon about Earth. 
Does the law of gravitation apply to objects other than the Moon and Earth? Astronomical 
observations indicate that in fact is does. About half a century before Newton’s work, Johannes 
Kepler (1571-1630) studied astronomical data concerning the motion of the known planets and 
looked for patterns. A contemporary version of these data is given in Table 4.4.  
 
Table 4.4 Information about the planets in the Solar System (Uranus, Neptune and Pluto were not 
known to Kepler—they were discovered later). 
 R Planet-Sun separation (106 km) T Period Diameter (km) Mass (1024 kg) 

Mercury 57.9 88 days 4880 0.334 
Venus 108.2 224.7 days 12,100 4.87 
Earth 149.6 365.3 days 12,756 6.00 
Mars 227.9 687 days 6794 0.643 

Jupiter 778.3 11.86 years 143,200 1900 
Saturn 1427 29.46 years 120,000 569 
Uranus 2871 84 years 51,800 86.9 

Neptune 4497 165 years 49,528 103 
Pluto 5914 248 years 2300 0.0132 

 

Kepler discovered three patterns in the data he analyzed, which later became known as Kepler’s 
laws of planetary motion. 

Kepler’s first law of planetary motion The orbits of all planets are ellipses with the Sun 
located at one of the ellipse’s foci1 (Fig. 4.27a and b).  

 
Kepler’s second law of planetary motion When a planet travels in an orbit, an imaginary 
line connecting the planet and the Sun continually sweeps out the same area during the 
same time interval, independent of the planet’s distance from the Sun (Fig. 4.27c). 

 

                                                 
1 The shape of the planetary orbits is close to circular for most of planets. When this is the case, the foci of 

the ellipse are very close to the center of the circular orbit that most closely approximates the ellipse. 
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Kepler’s third law of planetary motion The square of the period T of the planet’s motion 
(the time interval to complete one orbit) divided by the cube of the semi-major axis of the 
orbit (which for a circular orbit is equal to its radius r ) equals the same constant for all 
the known planets: 

2

3

T K
r

#                                                                    (4.16) 

 
Figure 4.27  Orbital models used by Kepler 

 
Testing the law of gravitation: Kepler’s third law 

Kepler’s laws were a summary of data known at the time. They are just patterns and do 
not explain why the planets moved the way they did. At the time they were not based on any 
fundamental physics principles and hence are called empirical laws. If Newton’s law of 
gravitation is correct, it should be consistent with Kepler’s laws. More than that, we should be 
able to use it to derive Kepler’s third law. If successful, this will give us even more confidence in 
Newton’s law of gravitation.  
 
Example 4.10 Kepler’s third law Can we use Newton’s law of gravitation along with Newton’s 

second law to derive Kepler’s third law (
2

3
T Kr # )? 

Sketch and Translate We start by making a labeled sketch of the situation (Fig. 4.28a). The orbits 

of the planets are approximately circular. Our goal is to derive Kepler’s third law (
2

3
T Kr # ) 

where T is the period of the orbital motion (the time for one trip around the sun) and r is the 
radius of the circular orbit. 

 
Figure 4.28(a) Planet’s motion around Sun 

 
Simplify and Diagram We model the planet (which could be any one of them) and the Sun as 
point-like particles and model the motion of the planet as constant speed circular motion. Assume 
that the gravitational force exerted by the planet on the Sun does not cause the Sun to accelerate 



Etkina/Gentile/Van Heuvelen Process physics 1e Ch 4                                             4-44 

significantly. This is reasonable since the Sun’s mass is much greater than the mass of any of the 

planets ( 302 x 10  kg ). 

 A force diagram for the planet is shown in Fig. 4.28b. We assume that the only force 
exerted on the planet is the gravitational force that the Sun exerts on it. The other planets also 
exert much smaller gravitational forces on it, as their masses are much smaller than that of Sun. 

 
Figure 4.28(b) 

 
Represent Mathematically Now apply Newton’s second law in radial r-component form: 

P 
P

radial
r

Fa
m

&
# . 

where  
2

P r
va r#  is the planet’s radial acceleration. We get then: 

2
S P S

2 2
P

1 m m mv G G
r m r r

) *
# #+ ,
- .

      (4.17) 

Notice that the mass of the planet cancels. In order to move closer to Kepler’s 3rd law, we need to 
express the speed of the planet (which does not appear in Kepler’s 3rd law) in terms of the period 
of the planet’s motion (which does.) We can do this using: 

2 rv
T
/

# .       (4.18) 

Solve and Evaluate Substitute v from Eq. (4.18) into (4.17): 

8 92
S
2

2 r T mG
r r

/
#  

Now, solve this equation for 
2

3
T

r . 
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or 

2 2

3
S

4 constantT
r Gm

/
# # .             (4.19) 
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This is Kepler’s third law! The constant is the same for all of the planets as the right side involves 
only constant quantities. We used only Newton’s law of gravitation and the second law of motion 
to arrive at Eq. (4.19). Kepler arrived at it using only astronomical observations. The consistency 
between these two approaches gives us yet more confidence in Newton’s law of gravitation and 
Newton’s second law. 
Try It Yourself:  How would the above analysis change (including Kepler’s third law) if instead of 
considering planets orbiting the Sun, we now considered satellites orbiting Earth?  
Answer: The outcome would be identical except that the mass of Earth would appear rather than 
the mass of the Sun. 

  
 Newton also was able to derive Kepler's first and second laws using his law of gravitation 
and his laws of motion. These derivations require the use of calculus. In fact, Newton invented an 
early version of calculus for just this purpose. Because Newton was able to explain all three of 
Kepler’s laws of planetary motion using the same physics, his explanations were extremely 
convincing. Still, scientists of the time were not satisfied. For Newton's theory to be accepted, it 
needed to predict new phenomena rather than just explain prior observations.  

Newton described his discoveries in the book Philosophiæ Naturalis Principia 
Mathematica (The Mathematical Principles of Natural Philosophy). Edmond Halley, an 
astronomer who dedicated his life to the studies of the comets, financed the publication of 
Principia. At this time people did not know that comets are a part of the Solar system and that 
they move around the Sun in very elongated elliptical orbits. Halley was the first to suggest this 
idea. He used Newton’s law of gravitation to arrive at this idea and used it to predict that a comet 
that was observed in 1705 would return again in 1757 (this comet would later become known as 
Halley’s comet). However, the comet did not appear until the beginning of 1759, which for a 
short time cast doubt on Newton’s law of gravitation. However, Halley had made some 
assumptions that affected his prediction. He assumed that only the gravitational force exerted by 
the Sun on the comet would significantly influence its motion.  A team of French mathematicians 
Alexix Clairault, Joseph Lalande and Nicole Lepaute improved on the prediction by including the 
gravitational forces exerted on the comet by Jupiter and Saturn. They predicted that the comet 
should appear 618 days later than Halley’s original prediction. This new prediction was consistent 
with the date the comet returned. Unfortunately Halley did not live long enough to see the comet 
a second time– he died in 1742.  
 Newton’s law of gravitation helped explain the motion of the Moon, the motion of falling 
objects at Earth’s surface, and the motion of planets around the Sun. Later, astronomers used the 
law of gravitation to predict the locations of unknown planets by observing subtle inconsistencies 
between the observed orbits of known planets and the predictions of the law of gravitation. 
Newton’s law of gravitation predicted where to look for Neptune and Pluto, and they were both 
found where the predictions said they would be. 



Etkina/Gentile/Van Heuvelen Process physics 1e Ch 4                                             4-46 

 Additionally, physicists and engineers use the law of gravitation to decide how to launch 
satellites so that they can be placed in their desired orbits, and how to successfully send 
astronauts to the Moon and beyond. Newton’s law of gravitation has been tested countless times 
and is consistent with observations to a very high degree of accuracy. That is why physicists 
called it Newton’s law of universal gravitation. 

 
Newton’s law of universal gravitation The magnitude of the attractive gravitational 
force that an object with mass m1 exerts on an object with mass m2 that are separated by a 
center-to-center distance r is:        
  

1 2
 1 on 2 2g

m mF G
r

#      (4.15) 

where -11 2 2G = 6.67 10  N • m /kg1  is known as the gravitational constant. 

 
However, just because this relationship is called a “law” should not make you believe that the law 
cannot be disproved. Every mathematical expression in physics is applicable only for certain 
circumstances, and the law of universal gravitation is no exception. 
Limitations 
 The law of universal gravitation only applies to objects with spherical symmetry or whose 
separation distance is much bigger than their size. An object that is spherically symmetric has the 
shape of a perfect sphere and a density that only varies with distance from its center. That is, the 
object can’t be “side-heavy” in any way.  In these cases, we can model the objects as though all 
of their masses were located at a single point located at each of their centers. However, if the 
objects are not spherically symmetric and are close enough to each other so that they cannot be 
modeled as point-like particles, then the law of universal gravitation does not apply directly. But 
using calculus, we could divide each object into a collection of very small point-like objects, and 
use the law of universal gravitation on each pair of them, adding the forces of the small point-like 
particles on each other by integration. So with the aid of calculus, we can use the law of universal 
gravitation to determine the gravitational force exerted by any object on any other object. 
 Newton’s law of gravitation is certainly a triumph of modern scientific reasoning, but 
there are details of certain situations that it cannot explain. For instance, if you make careful 
observations of the orbit of Mercury, you notice that its orbit is not precisely an ellipse. Some of 
this discrepancy is caused by the gravitational forces exerted on Mercury by the other planets. 
But, even after that is taken into account, there remains a slight inconsistency. It wasn’t until the 
early 20th century, when Einstein constructed a vastly more advanced theory of gravity, that this 
inconsistency could be resolved. We will learn a bit about Einstein’s theory of gravity (called the 
General Theory of Relativity) in Chapter 25. 
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Review Question 4.8 
Kepler devised  a law relating the period T and radius r of planetary motion about the Sun. 
Newton’s law of universal gravitation and the radial component form of his second law came up 
with the same expression. What is different about the two approaches to getting that result? 
 
 

4.9 Applications involving Newton’s law of universal gravitation  
 We can use Newton’s law of universal gravitation to investigate situations that we 
couldn’t before. Consider the next two examples. 
 
Example 4.11 Geostationary satellite As you ride in a car down a residential street, you will 
probably see several satellite TV receiving dishes. If you look closely at them, you notice that 
these dishes never move. They always point at the same location in the sky. This means that the 
satellite from which they are receiving signals must always remain at the same location in the 
sky. Since Earth rotates once every 24 hours, this satellite must travel once around its circular 
orbit exactly once every 24 hours for it to remain above the same point on Earth’s surface 
(actually, it must be orbiting above the equator). Such satellites are called geostationary. If the 
satellite has a period of 24 hours but is not orbiting above the equator, they don’t remain at the 
same point in the sky, but they will never rise or set. These kinds of satellites are called 
geosynchronous. An array of geosynchronous satellites can provide communications between all 
parts of Earth—see Fig. 4.29a. What altitude above the equator must the satellite’s orbit? 

 
Figure 4.29(a)  

 
Sketch and Translate A geostationary satellite, such as shown in Fig. 4.29a, completes one orbit 
around Earth each 24 hours. This means the period of its circular motion is 

24 h 86,400 sT # # .  We use our understanding of circular motion and the law of universal 

gravitation to decide the altitude above the equator of the satellite’s orbit. First find r , the radius 
of the satellite’s circular path (the distance from the satellite to the center of Earth). From there 
we can determine the altitude of the satellite’s orbit.  

AP 

4.8 
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Simplify and Diagram Model the satellite as a point-like particle and assume that it moves with 
constant speed circular motion. The force diagram for the satellite is shown in Fig. 4.29b. 

 
Figure 4.29(b) 

 
Represent Mathematically The only force exerted on the satellite is the gravitational force exerted 
by Earth. Use the radial r-component form of Newton’s second law and the law of gravitation to 
get an expression for the satellite’s acceleration: 

E on S
2

E S E
S 2

S S
r

F Gm m r Gma
m m r

# # #  

Since the satellite travels with constant speed circular motion, its acceleration must also be 

8 922 2

S 2

2 4
r

r Tv ra
r r T

/ /
# # # . 

Setting the two expressions for acceleration equal to each other, we get: 
2

E
2 2

4 Gmr
T r
/

#  

Now, solve this for the radius of the orbit: 
2

3 Earth
24
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/

#          or        
1/32
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/
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Solve and Evaluate Inserting all the relevant information gives an answer: 
1/3-11 2 2 24 4 2

2

21 3 1/3 7

(6.67 10  N•m /kg )(5.98 10  kg)(8.64 10  s)
4

(75.4 10  m ) 4.2  10  m

r
/

) *1 1 1
# + ,
- .

# 1 # 1

 

This is the distance of the satellite from the center of Earth. Since the radius of Earth is 
6 76.4 10  m = 0.64 x 10  m1 , the distance of the satellite above Earth’s surface is 

7 7 74.2 10  m 0.64 10  m 3.6 10  m 21,600 mi1 $ 1 # 1 #  

Many meteorological and communication satellites also have geostationary orbits. Interestingly, 
Charon, Pluto’s single moon, is in geosynchronous orbit around Pluto. 
Try It Yourself: Imagine that you want to launch an Earth satellite that moves just above Earth’s 
surface. Determine the speed of such a satellite. (The isn’t realistic since the atmosphere would 
strongly affect the satellite’s orbit, but it’s a good practice exercise.) 
Answer: 8000 m/s.  
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Quantitative Exercise 4.12 Are astronauts weightless in the International Space Station? 

The International Space Station orbits about 250 miles ( 60.40  10  m1 ) above Earth’s surface, 

or 6 6(6.38  0.40) 10  m  6.78 10  m% 1 # 1 from Earth’s center. Compare the force that Earth 

exerts on an astronaut when in the station to the force that Earth exerts on the astronaut when on 
its surface. 
Represent Mathematically The gravitational force that Earth exerts on the astronaut in the space 
station is:  

E A
E on A in station 2

station-Earth( )
m mF G

r
#   

where 6
station - Earth  = 6.78 10  mr 1 is the distance from Earth’s center to the astronaut in the Space 

Station. The gravitational force exerted by Earth on the astronaut when on Earth’s surface is: 

E A
E on A on Earth's surface 2

surface-Earth( )
m mF G

r
#  

where 6
surface - Earth  = 6.38 10  mr 1 . To compare these two forces, take their ratio: 

22
Earth on A in station station-Earth surface-Earth

Earth on A on Earth's surface station-Earth
2

surface-Earth

E A

E A

m mG
F r r

m mF rG
r

) *
# # + ,

- .
 

Solve and Evaluate Inserting the appropriate values gives 
26

Earth on A in station
6

Earth on A on Earth's surface

6.38 10  m 0.89
6.78 10  m

F
F

) *1
# #+ ,1- .

 

Does that result surprise you? The gravitational force that Earth exerts on the astronaut when in 
the space station is just 11% less than the force exerted on him when on Earth’s surface. This 
means the astronaut is far from “weightless”. So, why is it so common for people to say that 
astronauts in orbit are “weightless”?  See the discussion that follows this example.  
Try It Yourself: At what distance from Earth’s center should a person be so that her weight is half 
her weight when on Earth’s surface? 
Answer: 1.4 RE. 
 
Are astronauts weightless? 

We are all familiar with videos of astronauts floating in the Space Shuttle or in the 
International Space Station.  News reports commonly say the astronauts are weightless or 
experience zero gravity. But, both statements completely contradict the result of the previous 
example. What’s going on? The gravitational force exerted by Earth on the astronauts in the space 
station is only 11% weaker than it is when on Earth’s surface. But, remember that this 
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gravitational force is causing the acceleration of the astronaut. In addition, the gravitational force 
exerted by Earth on the space station is causing its acceleration (if Earth did not pull on the 
station, the station would fly away!). Since the gravitational interaction causes all objects to have 
the same acceleration (when no other forces are being exerted on them) regardless of their 
masses, the accelerations of the astronauts and of the space station are exactly the same! This 
means they will move in exactly the same circular orbit around Earth. There are no forces present 
to cause the astronauts to be pulled towards the floor of the space station. Thus, when astronauts 
are called "weightless", the word “weightless” refers to the reading of a scale placed on the floor 
of the orbiting Space Station. Since the astronauts are not being pulled onto the surface of the 
scale, the scale reads zero. But, weight is a shorthand way of referring to the gravitational force 
being exerted on an object, and we’ve learned that scales do not measure weight. They measure 
the normal force they exert on any object with which they are in contact. So, if you ever again 
read that astronauts are “weightless”, you’ll know that the word is actually being misused. 

A similar situation can occur near the surface of Earth. Imagine that you stand on a scale 
in an elevator that has malfunctioned. The elevator falls freely for a short time interval before the 
emergency safety brakes engage. During that time interval, the scale reads zero.  Are you 
weightless?  Not at all!  Earth is exerting a gravitational force mg on you and actually a much 
larger force on the massive elevator. But, since both you and the elevator fall with the same 
acceleration, you do not press on the scale, and the scale does not press on you, so it reads zero. 
 
Review Question 4.9 
A friend says he heard that the Moon is falling toward Earth and is a little scared. What can you 
tell your friend to make him feel better? 
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 Summary  
Word Description Picture and Diagrammatic 

Descriptions
Mathematical Description 

Sketch or picture description of 
process Circular motion is 
represented by a sketch or picture. 
The object moving in the circle is the 
system object. Other representations 
(see below) often focus on the 
system object as it passes one point 
along its circular path.  

Side View 

 

 

Velocity change method to find 
acceleration direction The direction 
of an object’s acceleration as it 
passes a point along its two-
dimensional path can be estimated 
by drawing an initial velocity vector 
just before that point and a final 
velocity vector just after that point. 
Move the vectors tail-to-tail and 
draw a velocity change vector from 
the tip of the initial to the tip of the 
final velocity. The acceleration 
points in the direction of the velocity 
change vector.    

 
 

Top View 
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Constant speed circular motion 
radial acceleration An object 
moving at constant speed along a 
circular path has acceleration that 
points toward the center of the circle 
and has a magnitude 

r
a  that depends 

on its speed v and the radius r of the 
circle— sometimes called centripetal 
acceleration.  

 
Top View 

 

 
 

2v
r r

a #  

Period and radial acceleration The 
radial acceleration can also be 
expressed using the period T of 
circular motion, the time interval 
needed for an object to complete one 
trip around the circle.  

 2 r
T

v /
#  

2

2
4 r

r T
a /

#  

Net force for constant speed circular 
motion The sum of the forces 
exerted on an object during constant 
speed circular motion points in the 
positive radial direction toward the 
center of the circle. The object’s 
acceleration is the sum of the radial 
components of all forces exerted on 
an object divided by its mass - 
consistent with Newton’s 2nd law. In 
addition, for horizontal circular 
motion, you sometimes analyze the 
vertical y-components of forces 
exerted on object. 
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Universal law of gravitation This 
force law is used primarily to 
determine the magnitude of the force 
that the sun exerts on planets or that 
planets exert on satellites or on 
moons. The force depends on the 
masses of the objects and on their 
center-to-center separation r.  

 

 

 

 on 2M m
GMm

F
r

#  

 

Multiple Choice Questions and Problems 
1. Which of the objects below is accelerating?  
a) Object moves at constant speed along a straight line. 
b) Object moves at constant speed in a circle. 
c) Object slows down while moving in a straight line. 
d) Both b) and c) describe accelerating objects. 

 
2. The circle in Fig. Q4.2 represents the path followed by an object moving at 
constant speed. At four different positions on the circle, the object’s motion is 
described using velocity and acceleration arrows. Choose the location where the 
descriptions are correct. 
a) point A  
b) point B 
c) point C 
d) point D 
 
3. The bulleted examples below describe four objects moving in a circle. The lettered choices 
describe possible explanations for what causes the object to move at constant speed in the circular 
path. Find one lettered answer that does not explain the motion of any object   

! A block slides on a smooth horizontal surface at the end of a string.  
! A person rollerblades in a circle at constant speed.  
! A car rounds a curve on a level (un-banked) highway.  
! The Moon circles Earth.  

a) Gravitational force exerted by Earth on the Moon;  
b) The force exerted by the string on the block;  
c) The static force exerted by the road on the car;  
d) The force exerted by the rollerblader on the floor;  
e) The force exerted by the floor on the rollerblader. 
 
4. One of your classmates drew a force diagram for a pendulum bob at the bottom of its swing. He 
put a horizontal force arrow in the direction of the velocity. Evaluate his answer by choosing from the 
statements below: 
a) He is incorrect since the force should point partly forward and tilt partly down. 
b) He is incorrect since there are no forces in the direction of the object’s velocity. 
c) He is correct since any moving object has a force in the direction of its velocity. 
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d) He is correct but he also needs to add an outward (down) force. 
 
5. Why is it difficult for a high-speed car to negotiate an un-banked turn? Choose the best answer. 
a) There is a huge force pushing the car outward. 
b) The combination of the high speed and the fact that surface friction is the only force pointing toward 
the center. 
c) The car’s tires are rotating too fast to grip the road. 
d) The faster the car moves, the harder it is for the driver to turn the steering wheel. 
 
6. How can a person standing on the ground explain why you, a passenger sitting on the left side of a 
slippery back car seat, slide to the right side of the seat when the car makes a high-speed left turn? 
Choose the best answer. 
a) You tend to move in a straight line and thus slide with respect to the seat that is moving to the left 

under you. 
b) There is a centrifugal force pushing you out. 
c) There is a centripetal force pushing you in, but it is not large enough. 
d) The car seat pushes you forward. 
 
7. A pilot performs a vertical loop-the-loop at constant speed. The pilot’s head is always pointing 
toward the center of the circle. Where is it more likely that the pilot will blackout?  
a) At the top of the loop. 
b) At the bottom of the loop. 
c) At both top and bottom. 
d) None of the answers is correct. 
  
8. The opening passage of the chapter described blackout. In another book about the subject it was 
said: “As the g forces climb up toward 7 g's, ….” What is wrong with this wording? Choose the best 
answer.  
a) There is no such thing as a g force. 
b) 7 g’s is not a big force. 
c) g forces are constant and do not climb. 
d) g forces are not responsible for blackout but can cause dizziness. 
  
9. Why do you feel that you are being thrown upward out of your seat when going over an upward 
arced hump on a rollercoaster?  
a) There is an additional force lifting up on you. 
b) At the top you continue going straight and the seat moves out from under you. 
c) You press on the seat less than when the coaster is at rest. Thus the seat presses less on you. 
d) Both b and c are correct. 
e) a-c are all correct. 
 
10. Compare the magnitude of the normal force of a car seat on you with the magnitude of the force 
that Earth exerts on you when it moves across the bottom of a dip in the road? 
a) The normal force is more than Earth’s gravitational force.  
b) The normal force is less than Earth’s gravitational force.  
c) They are equal.  
d) It depends on whether the car is moving to the right or to the left. 
 
11. If you put a penny on the center of a record on a rotating turntable, it does not slip. However, if 
you place it near the edge, it is likely to slip off the record. Which answer below best explains this 
observation?  
a) It moves faster at the edge and hence needs a greater force to keep it moving.  
b) The edge is more slippery since the grooves are farther apart.  
c) The radial acceleration is greater at the edge and the friction force is not enough to keep it in place.  
d) The outward centrifugal force is greater at the edge than at the middle. 
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12. Where on Earth's surface would you expect to experience the greatest radial acceleration as a 
result of Earth's rotation?  
a) On the poles;  
b) On the equator;  
c) On the highest mountain;  
d) All points of Earth have the same period of rotation – 24 hours. Thus the acceleration is the same 

everywhere. 
 
13. What observational data might Newton have used to decide that the gravitational force is inversely 
proportional to the distance squared between the centers of objects? 
a) The data on the acceleration of falling apples;  
b) The data describing the Moon’s orbit (period and radius) and the motion of falling apples;  
c) The data on comets;  
d) The data on Moonrise and Moonset times. 
 
14. What observations combined with his second and third laws helped Newton decide that the 
gravitational force of one object on another object is directly proportional to the product of the masses 
of the interacting objects? 
a) The data on the acceleration of falling apples;  
b) The data on Moon phases;  
c) The data on comets;  
d) The data on Moonrise and Moonset times. 
 
15. How would you convince another student that Newton’s law of gravitation works? 
a) It is called a law, so it is always true.  
b) It allows us to explain why the acceleration of free-fall is 29.8 m/s . 
c) It allows us to predict the orbits of communication satellites that we use for cell phones.  
d) b and c are both correct. 
 
16. What would happen to the force of the Sun on Earth if the Sun shrank and became half its present 
size while retaining the same mass?  
a) The force would be half the present force. 
b) The force would be one fourth of the present force.  
c) The force would double.  
e) The force would stay the same. 
 
17. Your friend says that an object weighs less on Jupiter than on Earth as Jupiter is far away from the 
center of Earth. Do you agree or disagree?  
 
18. You friend says that when an object is moving in a circle, there is a force pushing it out away from 
the center. Why would he say this? Do you agree or disagree? If you disagree, how would you 
convince your friend in your opinion? 
 
19. Describe three everyday phenomena that are consistent with your knowledge of the dynamics of 
circular motion. Specify where the observer is. Then find an observer who will not be able to explain 
the same phenomena using the knowledge of Newton’s laws and circular motion. 
 
20. You place a coin on top of a rotating turntable. Describe a circular motion experiment that you can 
perform to estimate the maximum coefficient of static friction between the coin and the table. 
 
21. Provide as many reasons as you can why it might be dangerous to swing on a vine across a river. 
 
22. Draw a picture of a pendulum swinging in a vertical plane. Choose five points (one of them should 
be the bottom of the swing) and draw velocity change diagrams and force diagrams for the bob when at 
those points.  
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23. You might have read that astronauts on a space station orbiting Earth are in “zero gravity”. Why 
would someone make such a statement? Do you agree or disagree? If you disagree, why? 
 
24. You might have read that astronauts on a space station orbiting Earth are “weightless”. Why would 
someone make such a statement? Do you agree or disagree? If you disagree, why? 

 
25. In the movies you often see space stations with “artificial gravity”. They look 
like big bagels rotating around an axis perpendicular to the plane of the bagel (see 
Fig. Q4.25). People walking on the outer rim inside the turning space station feel as 
if they are on Earth, although the station is far from Earth and other planets. How 
does such a station work to simulate artificial gravity? 
 

26. Imagine that you are swinging a small ball attached to a string in a vertical circle. Draw the path of 
the ball if you let go of the string when it is exactly parallel to the ground and when it makes an angle 
of about 015  with the horizontal. 
 
27. A rock is stuck in the tire of a moving car. At one instant it flies off. Draw a picture of the situation 
and show the path of the rock after it leaves the tire until it reaches the ground. Explain your reasoning. 
 
28. Give two examples of situations when the acceleration of a moving object is zero but the velocity 
is not zero and two examples when the velocity is zero but acceleration is not zero. 
 
29. Give two examples of situations when an object moves at constant speed ad has zero acceleration 
and when the object moves at constant speed and has a non-zero acceleration. 
 
30. Find a planet where your weight is less than on Earth. Find a planet where your weight is more 
than on Earth. Explain how you know. 
 
Problems 
4.1-4.3 Kinematics and dynamics of circular motion 
1. Mountain biker You are mountain biking. You first move at constant speed along the bottom of a 
trail’s circular dip and then at constant speed across the top of a circular hump. Determine the direction of 
the acceleration at each position and construct a force diagram for a you-bike system at each position 
(consistent with the direction of the acceleration). Compare at each position the magnitude of the force of 
the surface on the bike with the force Earth exerts on the system.   
 
2. You swing a rock tied to a string in a vertical circle. (a) Determine the direction of the acceleration of 
the rock as it passes the lowest point in its swing. Construct a consistent force diagram for the rock as it 
passes that point. How does the force that the string exerts on the rock compare to the force that Earth 
exerts on the rock? Explain.  (b) Repeat the above analysis as best you can for the rock as it passes the 
highest point in the swing. (c) If the string is tied around your finger, when do you feel a stronger pull – 
when the rock is at the bottom of the swing or on top? Explain. 
 
3. Loop-the-loop In an amusement park you ride the rollercoaster with a loop-the-loop. Compare as best 
you can the normal force that the seat exerts on you to the force that Earth exerts on you when you are 
passing the bottom of the loop and the top of the loop. Justify your answers by determining the direction of 
acceleration and constructing a force diagram for each position. Be sure that your answers are consistent 
with Newton’s second law. 
 
4. You decided to experiment with your mother’s old record player. You start the player and noticed a 
bug on the surface close to the edge of the record. The record has a radius of 12 inches and completes 33 
revolutions each minute. (a) What are the speed and the acceleration of the bug? (b) What would the bug’s 
speed and acceleration be if it were half way between the center and the edge of the record?  
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5. Determine the acceleration of Earth due to its motion around the Sun. What do you need to assume 
about Earth to make the calculation? How does this acceleration compare to the acceleration of the free fall 
on Earth? 
 
6. The Moon is an average distance of 83.8 10  m1  from Earth. It circles Earth once each 27.3 days. (a) 
What is its average speed? (b) What is its acceleration? (c) How does this acceleration compare to the 
acceleration of free fall on Earth?  
 
7. Aborted plane landing You are on an airplane that is landing.  The plane in front of your plane blows 
a tire.  The pilot of your plane is advised to abort the landing so he pulls up, moving in a semi-circular 
upward bending path. The path has the radius of 500-m with a radial acceleration of 217 m/s .  What is the 
plane’s speed? Does your answer make sense? Explain. 
 
8. Ultracentrifuge You are working in the bio lab and learning to use a new ultracentrifuge for blood 
tests. The specifications for the centrifuge say that a red blood cell rotating in the ultracentrifuge moves at 
speed 470 m/s and has a radial acceleration of 150,000 g's (that is, 150,000 times 29.8 m/s ). The radius of 
the centrifuge to be 0.15 m.  You wonder if this claim is correct. Support your answer with a calculation.  
 
9. Jupiter rotates once about its axis in 9 h 56 min. Its radius is 47.13 x 10  km . What is the radial 
acceleration in 2m/s  and in Earth g's for a person if they could stand on the surface of Jupiter (actually, 
Jupiter’s surface is liquid)?  
 
10. Imagine that you are standing on a horizontal rotating platform in an amusement park (like the 
platform for a Merry-Go-Round). The period of rotation and the radius of the platform are given, and you 
know your mass. Make a list of physical quantities you can determine using this information and describe 
how you will determine them. 
 
11. A car moves to the right. Two friends are arguing about the motion of a point on the car tire at the 
instant it passes the very top point while turning. Jake says that the point moves to the right at the speed 
that is double that of the car. Morgan says that the point is moving to the right at the car’s speed. Explain 
why each friend has a particular opinion. Explain whether it is possible for them to simultaneously be 
correct. 
 
12. A car moves to the right. Two friends are arguing about the motion of a point on the car tire at the 
instant it passes the very lowest point while turning (touching the road). Jake says that the point is at rest. 
Morgan says that the point is moving to the left at the car’s speed. Explain why each friend has a particular 
opinion. Explain whether it is possible for them to simultaneously be correct. 
 
13. Three people are standing on a horizontally rotating platform in an amusement park. One person is 
almost at the edge, the second one is (3/5)R  from the center, and the third is (1/2)  R from the center. 
Compare their periods of rotation, their speeds, and their radial accelerations. 
 
14. Three people are standing on a horizontally rotating platform in an amusement park. One person is 
almost at the edge, the second is (3/5)R from the center, and the third is (1/2)R from the center. If the 
platform speeds up, who is more likely to have trouble staying on the platform? Support your answer with a 
force diagram and describe the assumptions that you made. 
 
15. Merry-go-round acceleration Imagine that you are standing on the rotating platform of a merry-go-
round in an amusement park. You have a stopwatch and a measuring tape. Describe how you will 
determine your radial acceleration when standing at the edge of the platform and at the half distance from 
the edge to the center? What do you expect the ratio of these two to be? 
 
16. Ferris wheel You are sitting on a rotating Ferris wheel. Draw a force diagram for yourself when you 
are at the bottom of the circle and when you are on top.  
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17. Estimate the radial acceleration of a person riding on a Ferris wheel. Justify the choice of numbers 
used in your estimate.  
 
18. Estimate the radial acceleration of the foot of a college football player in the middle of a football punt.  
 
19. Estimate the radial acceleration of the toe at the end of the horizontally extended leg of a ballerina 
doing a pirouette.  
 
4.4 Skills and Applications: Newton’s second law for circular motion  
20.  Is it safe to drive your 1600-kg car at speed 27 m/s around a level highway curve of radius 150-m if 
the effective coefficient of static friction in the radial direction is 0.40?  
 
21. You are fixing a broken rotary lawn mower. The booklet that came with the mower says that the blades 
on the mower make 50 times per second. What is the magnitude of the force needed to hold the outer 2 cm 
of the blade to the inner portion of the blade? The outer part is 21 cm from the center of the blade and the 
mass of the outer portion is 7.0 g.  
 
22. Your car speeds around the 80-m radius curved exit ramp of a freeway. A 70-kg student holds the 
armrest of the car door exerting a 220-N force on it in order to prevent himself from sliding across the 
vinyl-covered back seat of the car and slamming into his friend. How fast is the car moving (determine the 
speed in m/s and mph)? What assumptions did you make? 
 
23. How fast do you need to swing a 200-g ball at the end of a string in a horizontal circle of 0.5-m radius 
so that the spring scale attached the other end of the string reads 300 g? The string makes a 342  angle 
relative to the horizontal. What assumptions did you make? 
 
24. Christine’s bathroom scale in Maine reads 110 pounds when she stands on it. Will the scale read more 
or less in Singapore even if her mass is the same? To answer the question: (a) Draw a force diagram for 
Christine. (b) With the assistance of this diagram write an expression using Newton's second law that 
relates the forces exerted on her and her acceleration along the radial direction. (c) Decide whether the 
reading of the scale is different in Singapore. List assumptions that you made and describe 
how your answer might change if the assumptions are not valid. 
 
25. A child is on a swing that moves in the horizontal circle depicted in Fig. P4.25. The mass 
of the child and the seat together is 30 kg and the two cables exert equal magnitude forces on 
the chair. Make a list of physical quantities you can determine using the sketch and the known 
information. Determine two kinematics and two dynamics quantities from that list. 
 
26. Carnival ride A 70-kg person rides in a carnival seat that rotates in a vertical circle at the 
end of a beam. The seat is 20-m from the axis of rotation and turns at a rate of 0.40 revolutions each 
second. (a) Draw a force diagram for the person when at the top of the circle (he is inverted). (b) Determine 
the magnitude (and direction) of the force that the seat exerts on the person when he is at the top of the 
circle. 
 
27. A coin rests on a record 0.15 m from its center. The record turns on a turntable that rotates at variable 
speed. The coefficient of static friction between the coin and the record is 0.30. What is the maximum coin 
speed for which it does not slip? 
 
28. Roller coaster ride A roller coaster car travels at speed 8.0-m/s over a 12-m radius vertical circular 
hump. What is the magnitude of the upward force that the coaster seat exerts on a 48-kg woman passenger? 

 
29. An 80-kg person, including the chair, is attached to a 6.0-m long cable, as shown 
in Fig. P4.29. The person moves in a horizontal circle. The angle ( is 622 . What is 
the person’s speed? NOTE: The radius of the circle is not 6.0 m. 
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30. A car moves around a 50-m radius highway curve. The road, banked at 102  relative the horizontal, is 
wet and icy so that the coefficient of friction is approximately zero. At what speed should the car travel so 
that it makes the turn without slipping? 
 
31. A 20.0-g ball is attached to a 120-cm long string (see Fig. P4.29). The string exerts a force on the ball 
that is equal to 0.200-N. What is angle ( ?   

 
 
32. Airplane loop An airplane makes a vertical loop. At the bottom the plane is upright and traveling at 
speed 120 m/s in a loop of radius 240-m. Determine the force that the plane’s seat exerts on the 60-kg pilot 
when at the lowest point on the loop. 
 
33. A 50-kg ice-skater goes around a circle of radius 5.0 m at a constant speed of 3.0 m/s on a level ice 
rink. What is the magnitude and direction of the horizontal force that the ice exerts on the skates? 
 
34.  A car passes over a hill on a road that has a circular cross-section of radius of 30 m. The speed of the 
car at the top of the hill is 10 m/s. What is the force exerted by the seat of the car on a 60-kg passenger 
when the car is passing the top of the hill? 
 
35. A 1000-kg car is moving at 30 m/s around a horizontal level curved road whose radius is 100 m. What 
is the magnitude of the frictional force required to keep the car from sliding? 
 
36. Equation Jeopardy 1 Describe in words, a picture, a velocity change diagram, and a force diagram 
two situations whose mathematical description is presented below.   

2
2 (30 kg)700N – (30 kg)(9.8 m/s )

12 m
v

# . 

 
37. Equation Jeopardy 2 Describe in words, a picture, a velocity change diagram, and a force diagram 
two situations whose mathematical description is presented below.   

2 2(2.0 kg)(4.0 m / s ) 0.4 (2.0 kg) (9.8 N/kg)
r

# 1 1  

 
38. Banked curve raceway design You need to design a banked curve at the new circular Super 100 
Raceway. The radius of the track is 800 m and cars typically travel at speed 160 mph. What feature of the 
design is important so that all racecars can move around the track safely in any weather? (a) Provide a 
quantitative answer. (b) List your assumptions carefully and describe whether the number you provided 
will increase or decrease if the assumption is not valid.  
 
39. A circular track is in a horizontal plane, has a radius of r  meters, and is banked at an angle of (  
above the horizontal. (a) Develop an expression for the speed a person should rollerblade on this track so 
that she needs zero friction to prevent her from sliding sideways on the track. (b) Should another person 
move faster or slower if her mass is 1.3 times the mass of the first person? Justify your answer. 
 
40. Design a quantitative test for Newton’s second law as applied to constant speed circular motion. 
Describe the experiment and provide the analysis needed to make a prediction using the law.  
 
41. Spin-dry cycle Explain how the spin-dry cycle in a washing machine causes water to be removed from 
clothes. Be specific. 
 
4.6 Circular motion with changing speed 
42. A 50-kg student is rollerblading. She starts at the top of a semicircular loop that is 8.0 m in radius. (a) 
Draw force diagrams for her when she starts going down, when she is half way to the bottom and when she 
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is at the bottom of the loop. (b) Her speed at the bottom of the loop is 12 m/s. Determine the magnitude of 
the normal force exerted by the loop on the bottom of her skateboard as she passes the bottom of the loop. 
Describe any assumptions that you made. 
 
43. A 5.0-kg ball swings in a vertical circle of 1.5-m radius. If the cable holding the ball will break when 
the tension exceeds 300 N, what the maximum speed the ball can have at the bottom of the circle so the 
cable does not break? 
 
44. Swinging across river A person is holding onto a rope while swinging across a river. Estimate how 
the risk that the rope will break depends on the length of the rope, the mass of the person, and the speed of 
the person. Be very specific in how you define risk and in how you define the speed of the person. 
 
45.  Two children are playing with water balloons. They tie a 0.50-kg water balloon to the end of a 0.60-m 
long string and swing it in a vertical circle. The string breaks if the tension exceeds 20 N.  What is the 
maximum speed of the balloon at the place the string is most likely to break? Explain. 
 
46. Rope fire escape The fire department attaches a 10-m long rope to a tree and the other end goes to the 
side of a dormitory window to serve as a fire escape. A 68-kg person while swinging from the window can 
hold the rope with a force no greater than 1200 N. Determine the maximum speed that this person can have 
at the bottom of the swing and still hold the rope. What assumptions did you make? 
 
47. If you swing a ball tied to a string in a vertical circle, you probably know from experience that 
swinging slowly causes the ball to fall down before reaching the top of the circle. Show that the minimum 
speed that the ball can have for the string to stay taut while passing the top of the circle equals gR , 

where R  is the radius of the circle. 
 
48. You decide to swing a pail with water in a vertical circle so that it is inverted when it passes the 
highest point. (a) What is the minimum speed of the pale so the person swinging the pale remains dry?  (b) 
What assumptions did you make while answering the question? 
 
49. Determine an expression for the minimum speed of a roller coaster car so that when it passes upside 
down at the top of a loop-the-loop, the passengers will not fall out of their seats even if they are not belted 
to their seats. Indicate in a sketch all of the quantities appearing in your expression. How does the answer 
depend on the masses of the passengers? 
 
4.7-4.9 The law of gravitation and Newton’s second law applied to orbital motion 
50. Your friend says that the force that the Sun exerts on Earth is much larger than the force that Earth 
exerts on the Sun. (a) Why would he have such an opinion? (b) Do you agree or disagree with this opinion? 
(c) If you disagree, how would you convince him of your opinion? 
 
51. Determine the gravitational force that (a) the Sun exerts on the Moon, (b) Earth exerts on the Moon, 
and (c) the Moon exerts on Earth. List at least two assumptions for each force that you made when you 
calculated the answers. Use available resources to check whether these assumptions are valid. 
 
52. (a) Determine the ratio of the gravitational force that Earth exerts on the Sun in the winter and the 
force that it exerts in the summer. (b) What does it tell you about the speed of Earth during different 
seasons? (c) How many correct answers can you give for question (a)? 
 
53. Black hole gravitational force A black hole exerts a 50-N gravitational force on a spaceship. The 
black hole is 1014 m from the ship. What is the force that the black hole exerts on the ship when it moves to 
one-half that distance from the black hole? (Note: One-half of 1410  m  is not 710  m .)  
 
54. The average radius of Earth's orbit around the Sun is 81.5 x 10  km . The mass of Earth is 

245.98 x 10  kg , and it makes one orbit in 365 days. (a) What is the speed of Earth about the Sun. (b) 
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Estimate the Sun's mass using Newton's law of gravitation and Newton’s second law. What assumptions 
did you need to make? 
 
55. The Moon travels in a 53.8 x 10  km  radius orbit about Earth. Earth's mass is 245.98 x 10  kg . 
Determine the period T  for one Moon-orbit about Earth using Newton's law of gravitation and Newton’s 
second law. What assumptions did you make? 
 
56. Determine the ratio of Earth's gravitational force exerted on an 80-kg person when at Earth's surface 
and when 1000 km above Earth's surface. The radius of Earth is 6370 km. 
  
57. Determine the magnitude of the gravitational force Mars would exert on your own body if you were on 
the surface of Mars.  
 
58. When you are on a bathroom scale here on Earth, it reads 540 N. (a) What is your mass if on Mars, 
Venus, and Saturn? (b) What is the gravitational force that these planets exert on your body when at the 
surface of these planets? (c) What assumptions did you make to answer these questions? 
 
59. The free fall acceleration on the surface of Jupiter, the most massive planet, is 6.47 m/s2. Jupiter's 
radius is 47.1 x 10  km . Use Newtonian ideas to determine Jupiter's mass. 

 
 
60. A satellite moves in a circular orbit a distance of 51.6 x 10  m  (100 miles) above Earth’s surface. 
Determine the speed of the satellite.  
 
61. Mars has a mass of 236.58 x 10  kg  and a radius of 63.38 x 10  m . What is the time interval for 
one Mars rotation about its axis so that a bathroom scale on Mars on which a person stands has a zero 
reading? 
 
62. Determine the speed of a projectile that can become an Earth satellite. What assumptions did you 
make?  
 
63. Determine the distance above Earth’s surface to a satellite that completes two orbits per day. What 
assumptions did you make? 
  
64. Determine the period of an Earth satellite that moves in a circular orbit just above Earth's surface. 
What assumptions did you need to make? 
 
65. Astronauts on a space platform in outer space would feel weightless. However, they live on the edge of 
a doughnut-shaped platform of 500-m radius with their heads toward the center and their feet on an outside 
rim (see Fig. 4.30). What is the time interval needed for one rotation so that a bathroom scale on which an 
astronaut stands has the same reading as when the same person stands on it while on Earth’s surface?  
 
General Problems 
67. Loop-the-loop You have to design a loop-the-loop for a new amusement park so that, when the car 
passes the top of the loop inverted (upside down), the seat exerts a force against a passenger’s bottom that 
has a magnitude equal to 1.5 times the gravitational force that Earth exerts on the person. Choose some 
reasonable physical quantities so these conditions are met. Show that the loop-the-loop will work equally 
well for passengers of any mass. 

 
68. Seattle Pendulum Ride The Seattle Pendulum Ride has a radius of about 7.5-m 
(Fig. P4.68). A rider experiences an acceleration of over 2 g when passing the 
bottom of the ride and about 0.3 g when at the high points. Tell everything you can 
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about this ride—for example, about the rider’s speed at different places 
and information about the forces that other objects exert on the rider at 
different places. 
 
69. A Tarzan swing Tarzan of mass 80-kg swings at the end of an 8.0-
m long vine (Fig. P4.69). When directly under the vine’s support, he 
releases the vine and flies across a swamp. When he releases the rope, he 
is 5.0 m above and 10.0 m horizontally from the other side. Determine 
the force the vine exerts on him at the instant before he lets go (the vine 
is straight down when he lets go).      Figure P4.69 
 
70. (a) If the mass of Earth and the Moon were both doubled, by how much would the radius of the Moon's 
orbit about Earth have to change if it had the same speed? (b) By how much would its speed have to change 
if it had the same radius? Justify each answer. 
 
71. Estimate the centripetal acceleration of the tread of a car tire. Indicate any assumptions that you made. 
 
72. Estimate the force exerted by the tire on a 10-cm-long section of the tread of a tire as the car travels at 
speed 65 miles/h. Justify any numbers used in your estimate. 
 
73. Estimate the maximum radial force that a college football player’s leg needs to exert on his foot when 
swinging the leg while punting the ball. Justify any numbers that you use in the estimate. 
 
74. Design 1 Design and solve a circular motion problem for a roller coaster.  
 
75. Design 2 Design and solve a circular motion problem for the amusement park ride shown in Fig. 
P4.75. 

  
Figure P4.75   Figure P5.76 

 
76. Demolition An old building that is being demolished by swinging a heavy metal ball from a crane. The 
ball smashes into the building (see Fig. P4.76). Suppose that such a 100-kg ball swings from a 20-m long 
wire at speed 16 m/s as the wire passes the vertical orientation. (a) How strong would the wire have to be in 
order to not break (explain what you mean by this strength)? (b) If the ball stops after sinking 1.5 m into the 
wall, what was the average force that the ball exerted on the wall? Indicate any assumptions you made for 
each part of the problem. 
 
77. Designing banked roadway You need to design a banked curve for a highway in which cars make a 
902  turn moving at 50 miles per hour. Indicate any assumptions you make. 
 
78. Evaluation question You find the following blackout report on the web. “The acceleration that causes 
blackouts in fighter pilots is called the maximum g-force. Fighter pilots experience this force when 
accelerating or decelerating quickly. At high g's, the pilots blood pressure changes and the flow of oxygen 
to the brain rapidly decreases. This happens because the pressure outside of the pilot's body is so much 
greater then the pressure a human is normally accustomed to.” Carefully evaluate the wording in this report 
and indicate any incorrect physics (including the application of physics to biology) that you find. 
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79. Suppose that Earth rotated much faster on its axis—so fast that people were almost weightless when at 
Earth’s surface. How long would the length of a day be on this new Earth? Would we have time for coffee 
after a day at work? 
 
80. On Earth, an average person’s vertical jump is 0.40 m. What is it on the Moon? Explain. 
 
81. You read in a science magazine that on the Moon, the muzzle speed of a shell leaving the barrel of a 
modern tank is enough to put the shell in a circular orbit about the surface of the Moon (there is no 
atmosphere to slow the shell). What should be the muzzle speed for this to happen? Is this number 
reasonable? 
 
Reading passages  
1. Texas Motor Speedway On Oct. 29, 2000 Gil de Ferran set the single lap average speed record for the 
new 1.5-mile oval Texas Motor Speedway—241.428 miles/hour. On April 29, 2001 the Championship 
Auto Racing Teams (CART) organization canceled the Texas Motor Speedway inaugural Firestone 
Firehawk 600 race two hours before it was to start. According to an Associated Press article by Stephen 
Hawkins, “drivers complained of dizziness during practice when they reached speeds of more than 230 
mph on the high-banked track.” The Texas Motor Speedway has turns banked at 242  above the horizontal. 
By comparison the Indianapolis raceway turns are banked at 92 .  
 The 242  banking is unprecedented for the Indy-style cars and supposedly contributed to the 
reasons for the drivers’ dizziness. In qualifying runs for the race, 21 of 25 drivers complained of dizziness 
and disorientation. They experienced accelerations of 5.5 g (5.5 times 29.8 m/s ) that lasted for several 
seconds. Such accelerations for such long time intervals have caused pilots to black out. Blood drains from 
their heads to their legs as they move in circles with their heads toward the center of the circle. The CART 
felt the track was unsafe for their drivers. The Texas Motor Speedway had tested the track with drivers 
before the race and thought it was safe. The Texas Motor Speedway sued CART. 
 
82. Drivers get dizzy and disoriented while driving at the Texas Motor Speedway because: 
(a) The cars were traveling at over 200 miles/hour. 
(b) The track was tilted at an unusually steep angle. 
(c) On turns the drivers’ blood tended to drain from their brains into veins in their lower bodies. 
(d) They moved quickly around and around the oval track. 
(e) The g force pushed blood into their heads. 
(f) The combination of (a) and (b) caused (c). 
 
83. The time interval needed for Gil de Ferran’s car to complete one lap during his record setting drive 
was: 
(a) 16.8 s  (b) 18.4 s (c) 22.4 s (d) 25.1 s (e) 37.3 s 
 
84. If the racecars had no help from friction, which expression below best describes the normal force of the 
track on the cars while traversing the 24o banked curves? 
(a)  cos 66mg 2   (b)  sin 66mg 2  (c) / cos 66mg 2     (d) / sin  66mg 2  
(e) None of these 
85. For the racecars while traveling at high speed to stay on the road and not slide off, a friction force had 
to be applied: 
(a) Parallel to the roadway and outward. (b) Parallel to the roadway and toward the infield. 
(c) Horizontally toward the center of the track. (d) Opposite the direction of motion. 
(e) None of the above. 
 
86. The average speed reported in the reading passage was provided on the Texas Motor Speedway 
homepage. It has six significant digits implying that the speed is known to within ±0.001 miles/hour. If this 
is correct, which answer below is closest to the uncertainty in the time needed to travel around the 1.5-mile 
oval track? (Think about the percent uncertainties.) 
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(a) 0.0001 s:  (b) 0.001 s:  (c) 0.01 s:  (d) 0.1 s:  (e) 1 s:  
 
87. The radius of the part of the track where the drivers experienced the 5.5 g acceleration was about (use 
physics analysis to answer): 
(a) 40 m  (b) 80 m (c) 200 m (d) 400 m (e) 1000 m 
 
2. Halley’s Comet Edmond Halley was the first to realize that the comets observed in 1531, 1607, and 
1682 were really one comet that moved around Sun in a very elliptical orbit (see Fig. 4.30). He predicted its 
reappearance in 1757. It appeared in March 1759 (attractions to Jupiter and Saturn retarded its trip by 618 
days). More recent appearances of Halley’s Comet were in 1835, 1910, and 1986. It is expected again on 
July 28, 2061. 

  On occasion the comet was thought to be a bad omen. In 1066 
the comet was seen in England: later that year Harold II of England 
died at the Battle of Hastings. In 1456 the comet passed very close to 
Earth; its tail extended over 60° across the sky. Supposedly Pope 
Callixtus III excommunicated the comet, believing it to be an ill omen 
for the Christian defenders of Belgrade, who were fighting armies of 
the Ottoman Empire. Mark Twain was born on November 30, 1835 
two weeks after the comet's closest approach to the sun. In 1909, he 
forecast his death the next year feeling that he would depart with the 
comet, whose closest approach to the Sun was to be April 20, 1910. He 

died on April 21. 
 Halley's nucleus is relatively small (15 km long, 8 km wide, and 8 km thick). It has a low 

142.2 x 10  kg  mass with an average density of about 3600 kg/m . (The density of water is 
31000 kg/m .) The nucleus rotates once every 52 hours. When Halley's comet is closest to the Sun, 

temperatures can rise to about 77 C2 , and several tons of gas and dust are emitted each second producing 
the long tail that we see each time it passes the sun. 
 

88. Use the velocity change technique to estimate the comet’s acceleration direction 
when passing closest to the sun (position I Fig. P4.88). 
(a) A  (b) B  (c) C  (d) D  (e) The acceleration is 
zero. 
 

89. What object or objects exert forces on the comet as it passes position I shown Fig. P4.88? 
(a) The sun’s gravitational force toward the sun.   
(b) The force of motion tangent to the direction the comet is traveling. 
(c) An outward centrifugal force away from the sun. 
(d) a and b. 
(e) a, b, and c. 

 
90. Suppose that Halley’s Comet instead of being peanut shaped was spherical with a radius of 5.0 km 
(about its present size). Which answer below would be closest to your radial acceleration if standing on the 
“equator” of the rotating comet? 
(a) 20.01 m/s  (b) 20.1 m/s   (c) 21 m/s  (d) 210 m/s  (e) 2100 m/s  
 
91. Which answer below would be closest to the gravitational force that the pretend spherical shaped 5-km 
radius comet would exert on a 100-kg person on the surface of the comet?  
(a) 0.06 N.  (b) 0.6 N.  (c) 6 N. (d) 60 N. (e) 600 N. 
 
92. The closest distance that the comet passes relative to the Sun is 8.77 x 1010 m (position I in Fig. P4.88). 
Apply Newton’s second law and the Universal Law of Gravitation to determine which answer below is 
closest to the comet’s speed when passing nearest the Sun. 
(a) 1000 m/s. (b) 8000 m/s.  (c) 20,000 m/s. (d) 40,000 m/s.    (e) 800,000 m/s. 
 



Etkina/Gentile/Van Heuvelen Process physics 1e Ch 4                                             4-64 

93. The farthest distance that the comet is from the Sun is 5.25 x 1012 m (position II in Fig. P4.88). Apply 
Newton’s second law and the Universal Law of Gravitation to determine which answer below is closest to 
the comet’s speed when passing farthest from the Sun. 
(a) 800 m/s. (b) 5000 m/s.  (c) 10,000 m/s. (d) 50,000 m/s. (e) 80,000 m/s. 
 
Answers to Section Review Questions 
4.1 The velocity vector is tangent to the circle. Using the velocity change technique we find that the velocity change 
vector v"!  points toward the center.  The acceleration vector equals the velocity change vector divided by the time 

interval during which the change occurred: va t
"# "
!!

.  So the acceleration vector points in the same direction as the 

velocity change vector, toward the center of the circle.  
4.2 At all times during the ball’s motion, the downward force exerted by Earth on the ball and the upward normal force 
exerted by the surface on the ball balance so that there is no net force in the vertical direction.  But in the horizontal 
plane of the table while the ball is in contact with the semicircular ring, the ring exerts an inward force on the ball 
toward the center of the circle. This force causes the ball to accelerate toward the center of the circle while it contacts 
the semicircle.  Before and after the semicircle, the ball is not accelerating and the net force that other objects exert on 
the ball is zero. After the ball exists the barrier it will move in direction B.  

4.3 For centripetal acceleration in terms of speed and radius, we have 2 /a v r# .  The dimensions on the right 

are:
; <
; <

2

2

L T L
L T

= ># ? @A B
, which are the correct acceleration dimensions: length  L over  time squared 2T .  Centripetal 

acceleration in terms of radius and period is 2 24 /a r T/# .  The dimensions are 2

L
T
= >
? @A B

, which again are correct 

for acceleration.  

4.4 Newton’s law in its general form is the vector equation 
Fa

m
&

#
!

!
. In the previous chapter you applied the law 

with the x and y components of vectors.  However, in the case of circular motion, we use a radial axis toward the center 
of the circle and the radial components of forces (and possibly a y-axis and the y component of forces if a force is 
exerted on the object perpendicular to the circular path). 
4.5 The woman’s velocity is tangent to the drum. She would normally fly forward and fall like a projectile. But the 
drum’s surface intercepts her forward path and pushes in on her causing her to move in a circular path. The friction 
force exerted by the drum prevents her from falling.  
4.6 It is a component of the force exerted by Earth. The force exerted by the rope always points in the radial direction, 
thus it cannot provide a tangential component of acceleration.   
4.7 The friend can imagine that we take two point-like objects each with a mass of 1 kg and place them apart at a 

distance of 1 m. They will attract each other exerting a force of magnitude –116.67 x 10  N  – a very tiny force. It 
looks like such force should not affect the interactions of objects of masses comparable to masses of people, houses, 

trees, etc. However, when the mass of one of the objects is on the order of 2610  kg , as the mass of Earth is, the force 
becomes significant even though the separation between the center of Earth and any object is huge – more than 6000 
km. 

4.8 Both methods came up with the expression 2 3 constT r # . However, Kepler’s third law is an empirical law 
based empirically on observational data without explaining the physics of why planets move as they do. Newton’s law 
of universal gravitation and second law, in contrast, derived the result from these more basic physics principles. 
4.9 The Moon actually does fall toward Earth all the time, if the word “fall” implies the motion of an object when the 
only force exerted on it is the force exerted by Earth. But, it also flies forward all the time. Thus, the Moon combines 
two motions, flying forward and at the same time falling toward Earth. The net result is that it continually “lands” on its 
circular path around Earth.  
 
 
 
 


