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“In one person Newton combined the experimenter, the theorist, the 
mechanic, and, not the least, the artist in the exposition.”  
- Albert Einstein  

SECTION 5 
NEWTON’S LAWS 

 

 GOT SICK as a dog on the Gravitron when I was about seven-years-old. 
This carnival ride is shaped like a big horizontal disk with vertical walls that 
the riders stand against as the disk spins faster and faster. The floor drops 
and the disk tilts at an angle, but the rider stays safely in position, stuck 
against the wall. Riders try, but have difficulty, moving their arms away 

from the wall. And every once and awhile some poor sucker vomits or someone 
else thinks it would be cool to spit. But if you don’t have motion sickness 
problems, it’s a whole lot of fun. If you had asked me, or any of the riders, how it 
worked – how I stayed stuck to the wall – we would have confidently said, 
“centrifugal force.” And we would have revealed a misunderstanding of the 
physics of motion in a circle. Most Gravitron riders would say that centrifugal 
force is that force that pushes them against the wall. It sounds reasonable until you 
consider what would happen in the middle of the ride if the wall were to suddenly 
disappear. Would you fly straight out from the center or off at a tangent to where 
the wall used to be? The fact is that you would fly off at a tangent. (To test this, 
you can have a friend 
connect a tennis ball to a 
thread and then spin the 
ball in a circle. While it’s 
being spun, cut the thread 
with a razor and watch 
the path of the ball). The 
fact that in the absence of 
the wall the body flies off 
at a tangent instead of 
outwards means that the 
outward pushing force 
(centrifugal force) must 
be an illusion of some 
sort – indeed, a fictitious 
force. 

I 
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 There are many fictitious forces. When you’re in 
a car, for example, and make a quick, sharp turn or 
come to a rapid stop, you feel a force pushing you to 
one side or forward. However, these fictitious forces 
only seem to be there because as you accelerate into 
the turn or to a stop, your perception is skewed.  
Someone out on the sidewalk would say, “You 
weren’t forced forward. It’s just that your car stopped 
and you kept moving forward, giving you the feeling 
that you were pushed.” It’s that way on the Gravitron 
too. The outside observer would say, “You weren't 
being pushed outward. The wall was pushing inward, 
forcing you to accelerate into a circle rather than 
staying in a straight line. When the wall (and its 
inward directing force) disappeared, you resumed 
moving in a straight line, tangent to the circle.” 
 This unit explores the idea of force. You 
understand acceleration at this point. Force causes 
acceleration. All motion in the universe can be traced 
back to some force or combination of forces. And 
even things at rest are usually at rest because of some 
combination of forces. Take a moment to consider 
the great myriad of 
motions occurring right 
now. The Milky Way 
Galaxy, home to our sun 
and about 400 billion 
other stars, is pulling our 
solar system into a gently 
sweeping orbit about the 
massive black hole at the 
galactic center. A 
tornado whisks up a car 
and places it three blocks 
away. An old man 
throws breadcrumbs to 
hungry pigeons that then 
fly away when they’re 
startled. A young man 
caresses the hair of his 
girlfriend. A high-energy 
proton runs head-on into 
an equally high-energy 
proton moving in the 
opposite direction at the 
Large Hadron Collider. 
So many forces, so 
varied, and seemingly 

unrelated. But there’s a pattern. 
 Isaac Newton was a brilliant, intensely focused 
loner who felt unwanted as a child and never found 
love as an adult. He also left perhaps the largest 
legacy a physicist has ever left. He pioneered theories 
in optics and independently invented calculus. He 
also developed the theory of universal gravitation in 
the masterpiece of his career (and perhaps the most 
important physics work ever written), The Principia 
(pronounced “prin-kip-ea”). It was in this great work 
on gravitation that he also explored and explained 
what we now refer to as Newton’s Three Laws of 
Motion. In his three laws of motion – the Law of 
Inertia, the Law of Acceleration, and the Law of 
Action/Reaction – lay the keys to understanding 
every motion that can be observed – no exceptions! 
Yet the laws are so tangible that they can be taught to 
elementary school children. In them, you find 
simplicity ... but they are not simplistic. In them, you 
find power ... but they are elegant rather than brutish. 
The response of the cosmos, this unfathomably huge 
and complex universe … is to fall into submission. 

 
 
 
“Nature is pleased with simplicity.”  
- Isaac Newton 

The masterpiece of Isaac Newton’s career, and perhaps the most important 
scientific work ever written, is a first edition of Principia (located at the Dibner 
Library, MIT) 
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CHAPTER 11: NEWTON’S LAWS 
NEWTON’S FIRST LAW: THE LAW OF INERTIA 

 
HE 1960 PINK 
Cadillac shown 
in Figure 11.1 
will probably 
rust away 
without ever 

moving again. It’s not likely 
that it will move under its own 
power and unless someone 
hooks up a tow truck to it, it’ll 
just sit there … forever. It is 
destined to never move. Its 
present motion was prescribed 
at the dawn of time, but not 
described with true 
understanding until Newton 
made sense of it. Objects at 
rest will always stay at rest 
unless there is a net force 
applied to them. The “net” 
means that if more than one 
force is applied, the 
combination must add up to be 
more than zero in order to 
budge the object. For example, 
the Cadillac has its weight 
pushing down on the ground, 
but the ground pushes up with the same force. Since 
the upward force of the ground (let’s call up positive) 
and the negative downward force of the weight are 
equal, then the “net” force is zero. It won’t move. 
However, this First Law of Motion is not just about 
motionless objects. It applies to all things, motionless 
or not. The universe prefers that things move at 
constant velocity. If no net force is applied to 
something, it will continue at whatever its velocity is 
forever. That velocity could be zero (as in the case of 
the pink Cadillac) or it could be at 70 mph in a 
straight line (as in the case of a functioning Cadillac 
on Interstate 80 through Nevada). As long as the 
speed and direction of the moving Cadillac don’t 
change, its type of motion is the same as the Cadillac 
in Figure 11.1. Only the size of the motion is 
different. Now it may sound odd to hear that both 
motions are of the same type. What I mean by that is 
that without some influence (net force) both Cadillacs 
will always keep moving exactly the same way. 
 NASA relies heavily on Newton’s First Law of 
Motion. Figure 11.2 shows Voyager 1, the most 
distant manmade object in the universe. It was 
launched back on September 5, 1977. In February 

2016, it was 12.5 billion miles from Earth and 
moving away from the Sun at more than 38,000 mph. 
 It now takes more than 37.3 hours for light to 
make a round trip between NASA and Voyager 1. It 

T 
Figure: 11.1: The pink Cadillac pictured here perfectly illustrates 
Newton’s First Law of Motion, the Law of Inertia. This law states that if 
the net force on an object is zero, the object’s inertia will cause it to 
maintain whatever state of motion it has. The Cadillac has two forces 
acting on it: its own weight acting downward and an upward force from 
the Earth. These two forces are equal in size, but opposite in direction, 
causing the net force to be zero. As long as the net force acting on the car 
continues to be zero it will maintain its state of motion (not moving at all) 
forever.  

 

Figure 11.2: Voyager 1 flies at 38,000 mph. The 
Law of Inertia requires that it continue to do so 
unless it comes under the influence of some force – 
not likely in the vast openness of interstellar space. 
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is beyond the Solar System and cruising farther and 
farther to an unknown destiny. NASA figures 
Voyager 1 will have enough power to continue to 
collect and communicate scientific data until at least 
the year 2020. (You can read weekly progress reports 
here: http://voyager.jpl.nasa.gov/index.html.) Then it 
will stop functioning and go cold. It will die. But it 
won’t stop moving. There’s not much out there for it 
to run into, so Voyager 1 will continue to hurtle 
through the vast openness of empty space most likely 
… forever. Think about it. Long after you’re dead 
and long after your grandchildren’s grandchildren are 
dead, Voyager 1 will still be moving exactly as it is 
now. The thermonuclear reaction inside the Sun has 
been ongoing for the last five billion years. It’s 
estimated that it will go another five billion years. 
But then the Sun will go dark and the Solar System 
will go cold and die. There will be no memory of the 
great civilizations that rose and fell on Earth. And 
there will be no memory of any of the greatest, nor 
the vilest of human beings who lived here. But the 
evidence that we existed will be safely ensconced in 
Voyager 1, waiting to be discovered. Although 
Voyager 1 will no longer be able to speak of where it 
is or what it sees, it carries a message in the form of a 
metal plaque (Figure 11.3) – a message for some 
unknown, but anticipated intelligent life about … us.  

 The pink Cadillac and Voyager 1 have one thing 
in common which makes them obey the First Law of 
Motion. They both have inertia. Everything that has 
matter has inertia – the property that causes a 
resistance to any changes in motion. Inertia is 
proportional to the amount of mass an object has – 
double the mass of something, and you double its 
inertia. That’s why, when riding a bicycle, you veer 
around parked cars, but when you see a bug in your 
way, you just close your eyes and mouth and don’t 
breathe for a moment. The bug has so little mass that 
it has very little resistance to a change in motion, so 
when you hit it, it is easily pushed out of the way. 
This is not the case with the car. Its much larger mass 
and inertia make it stay put much more firmly. The 
car is much more like the water in the balloon 
pictured in Figure 11.4. The water has a high enough 
mass that its inertia causes it to hold its shape for a 
moment after the balloon is popped and the balloon 
material recoils from its stretched state around the 
water. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.3: Voyager 1 carries this 12-inch gold-
plated copper disk, which is a phonograph record 
containing sounds and images that portray the 
diversity of life and culture on Earth. You can read 
more about Voyager 1 and this disk at: 
http://voyager.jpl.nasa.gov/spacecraft/goldenrec.ht
ml 

Figure 11.4: The water in this balloon has a high 
enough mass that its inertia causes it to hold its 
shape for a moment after the balloon is popped 
and the balloon material recoils from its stretched 
state around the water. (Photo by Christine 
Khademi, Class of 2008.) 
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NEWTON’S FIRST LAW OF MOTION – ROTATIONAL MOTION 
 

HY IS IT so hard to open a 
door if you try to push near the 
hinges? It’s because you have a 
hard time applying enough … 
torque. Newton’s First Law of 
Motion states that in the 

absence of any net force, an object at rest will 
continue to stay at rest and an object in translational 
motion will stay in translational motion at constant 
velocity. You know from previous discussions that 
motion can be considered to be either translational 
(from place to place) or rotational (about some axis). 
So, you might wonder how Newton’s First Law of 
Motion applies to rotational motion. The good news 
is that it applies exactly the same! But we have to 
think about force differently when it causes a change 
in rotational motion. 
 A force is just a push or a pull. A certain push on 
a certain object will always cause the same 
translational acceleration (if no other forces are 
present). That same push can cause a rotational 
acceleration (like the girl applying a force to the 
kettlebell in Figure 11.5). Actually, that same push 
can cause many different rotational accelerations … 
depending on the position of the push with respect to 
the point of rotation. The way she’s curling the 
dumbbell in the photo requires the most amount of 
force. If she could somehow hang the dumbbell from 
the middle of her arm, it would be much easier to lift 
it. Think about trying to open a door. Your force on 
the door has the greatest effect when it is furthest 
from the hinges of the door. That’s why doorknobs 
are generally as far from the hinges as possible. So 
what’s important is not only the force, but also the 
distance from the point of rotation (the “lever arm,” 
represented by “r”). The combination of these two is 
called the torque (τ). 
 The torque applied to an object is proportional to 
both the force applied and to the length of the lever 

arm. So calculating it is as easy as 

€ 

τ = Fr . However, 
this is only true when the lever arm and the direction 
of the force are at right angles to each other. 
Otherwise: 
 

€ 

τ = Fr sinθ     
 
where θ is the acute angle between the lever arm and 
the direction of the force. Figure 11.6 illustrates the 
effect of different lever arms and angles on the torque 
produced by the same force. 
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Figure 11.6:  The four torques are not equal. The force is the same in all cases, but torque 2 is less than torque 1 
because it has a smaller lever arm. Torque 3 is less than torque 1 because the angle between the direction of the 
force and the lever arm is less than 90°. Torque 4 is zero because the lever arm is zero. 

Figure 11.5:  Rachel Hersch (Class of 2009) applies 
a force to a kettlebell, causing a torque to be 
applied.  The torque causes the motion of the 
kettlebell to be circular. 
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ROTATIONAL STABILITY 
 Newton’s First Law of Motion must be 
considered when considering the stability of a 
physical system. The pink Cadillac of Figure 11.1 is a 
stable physical system. So is another Cadillac 
speeding along at 90 mph, using cruise control on a 
straight stretch of highway. Both cars have a constant 
velocity, which can only be achieved when the sum 
of the forces acting on them add up to zero. Zero net 
force always leads to stability – translational stability 
anyway.  
 Now consider Newton’s First Law again, this 
time as it’s applied to rotational motion: “In the 
absence of any net torque, an object not rotating will 
stay at rest and an object rotating will continue 
rotating at a constant rotational velocity.” So, 
rotational stability occurs when the sum of the 
torques acting on a physical system adds to zero. This 
can occur, for example, with a child and parent on 
teeter-totter. Each exerts a torque that balances the 
other. The child can have a much smaller weight than 
the parent but still create the same opposing torque as 
long as her lever arm is longer (she’ll sit farther away 
from where the teeter-totter “teeters”). Figure 11.7 
illustrates this with single penny balancing several 
pennies on a playing card. The one penny can create 
as much torque as the several pennies by simply 
being placed farther from the point of rotation. 
 In the Spring of 2009 an interesting example of 
rotational equilibrium occurred during the concrete 
pouring for the new swimming pool at Tamalpais 
High School. The concrete trucks couldn’t get close 
enough to most of the pool bottom, so the contractors 

used a concrete pump (see Figure 11.8). The long, 
extended arm of the hose carrying the concrete (off to 
the right side of the pump truck) created a very large 
torque that would have toppled the truck if it hadn’t 
had stabilizing legs extended from the right side of 
the truck. The points where these stabilizing legs 
made contact with the ground defined a new point of 
rotation for the system, allowing the truck to be 
farther away from this point, and therefore giving it a 

Figure 11.8: This concrete pump truck, pumping concrete into the new (2009) Tamalpais High School 
swimming pool, is an interesting example of rotational equilibrium. The long arm of the hose carrying the 
concrete, hanging off to the right side of the pump truck, creates a very large torque that would topple the 
truck if the stabilizing legs were not extended from the right side of the truck. The points where these 
stabilizing legs made contact with the ground defined a new point of rotation for the system, allowing the 
truck to be farther away from this point, and therefore giving it a greater torque to counter that caused by the 
concrete. 

Figure 11.7: The coins pictured here are balanced 
because they create identical, opposing torques. 
The weight of the several pennies on the right acts 
at a short distance from the point of rotation and 
creates a clockwise torque. The weight of the one 
penny on the left acts at a longer distance from 
the point of rotation and creates an identical 
counterclockwise torque. The balanced torques 
put the pennies in rotational equilibrium. (Photo 
by Linh Huynh, Class of 2015.) 
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greater torque to counter that caused by the concrete. 
(Without the legs, the point of rotation would have 
been at the point where the right tires touch the 
ground.) 
 In Fall of 2009, a company using a crane to lift a 
tree out of the backyard of a house in Sonoma 
County, misjudged the weight of the tree. This 
caused the anticipated torque to be lower than 
expected. When a section of the tree was lifted, the 
torque created on the tree side was greater than on the 
truck side, and the crane and truck toppled (see 
Figure 11.9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CENTER OF MASS 
 Another idea that makes sense to talk about at 
this point is the center of mass of a system. Any 
object has a point at which all its mass can be thought 
to be concentrated. Sometimes, it’s obvious where 
the center of mass is located. For a solid sphere with 
uniform density, the center of mass is at the exact 

center of the sphere. For an object like a baseball bat, 
where the mass is more concentrated in one part, the 
center of mass is not in the middle, but closer to 
where the concentration of the mass is. One 
interesting aspect of center of mass is that an object 
will move as though its mass is concentrated there. 
So, if you found the center of mass of the baseball 
bat, painted a red dot on that spot, and then hurled the 
bat, it would fly off as a projectile with the red dot 
moving through that predictable parabolic path.  The 
pipe wrench being tossed into the air in Figure 11.10 
illustrates this phenomenon. Note that the marker on 
the center of mass of the wrench follows the familiar 
parabolic path of a projectile. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Center of mass is also important when 
considering rotational stability. So far, we’ve looked 
at rotational stability in terms of balanced torques 
about some point of rotation. But when this condition 
occurs, the center of mass will always be in vertical 
alignment with the point of support. We all learn to 
do this well enough with our own bodies by about 
our first birthday. We get up on our feet, and by 
making little adjustments to our body’s position, we 
get our center of mass to stay over the spot on the 
ground where our feet are located. By maintaining 
this center of mass position, we are able to stand up, 
and with greater practice, we learn to do it well 
enough to walk and then run. Now consider the skill 
of the slack line walker, managing to continuously 
maintain his center of mass directly above that skinny 
rope (Figure 11.11).  

 

Figure 11.10: The wrench tossed by the woman has a 
piece of tape stuck to its center of mass. Note how the 
tape follows the exact path of a parabola. This projectile 
wrench behaves as though all its mass were concentrated 
at the point of the center of mass. (Photo by Braden 
Hoyt, Class of 2008.) 

Figure 11.9: In Fall of 2009, a company using a 
crane to lift a tree out of the backyard of a house 
in Sonoma County, misjudged the weight of the 
tree. This caused the anticipated torque to be 
lower than expected. When a section of the tree 
was lifted, the torque created on the tree side was 
greater than on the truck side, and the crane and 
truck toppled. The lower photo shows two other 
cranes attempting to right the toppled crane. 
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 This is also the reason the pregnant woman tends 
to get a sore back as she gets further along in her 
pregnancy. As that fetus grows, extending the 
woman’s belly forward, her center of mass also 
moves forward. To keep it directly over her feet, she 
has to lean back … continually (Figure 11.12). It puts 
a strain on her back that results in that familiar 
complaint of soreness. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Sometimes the shape of an object can be such 
that the center of mass is nowhere on the actual 
object (Figure 11.13). These are curious novelties 
that, when balanced at their center of mass, seem to 
actually defy the “laws of balance” that most people 
have preconceived notions about. 
 
 
 
 
 

Figure 11.11: To be successful, this slack line walker must continually adjust the position of 
his center of mass so that it is exactly above the rope. Doing so puts him in a state of 
rotational equilibrium – he won’t “roll” off the rope. 

Figure 11.12: A 
pregnant woman 
will tend to get a 
sore back as she gets 
further along in her 
pregnancy. As that 
fetus grows, 
extending the 
woman’s belly 
forward, her center 
of mass also moves 
forward. To keep it 
directly over her 
feet, she has to lean 
back … continually. 
It puts a strain on 
her back that results 
in that familiar 
complaint of 
soreness. 

Figure 11.13: This object balancing on the rim of 
a glass consists of two interconnected forks and a 
toothpick. The center of mass of the object is at 
the very end of the toothpick, which is why it 
balances at that point. Because this “center” of 
mass is on the very edge of the object, it seems to 
defy the “laws of balance” that many people have 
preconceived notions about. (Photo by Lucas 
Klabunde, Class of 2008.) 
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 STATIC EQUILIBRIUM 
 In the lab you just completed, you used the 
principle of rotational stability to find the mass of a 
meter stick. You considered that for the meter stick 
not to rotate, the sum of the torques acting on it must 
be equal to zero. You didn’t consider translational 
forces though (you didn’t need to). But let’s do that 
now. If both the sum of the torques and the sum of 
the forces acting on the object at rest are zero, then 
the object will be in a state of static equilibrium. 
This is a special case of Newton’s First Law of 
Motion because it only considers objects at rest.  
 The following two examples show how to apply 
the principles of static equilibrium to specific 
problems.  Figure 11.14 shows a 600 N man standing 
on a uniform plank that is 8.0 m long and weighs 
1,000 N. The man is standing on a spot 2.0 m from 
the left end of the plank and the plank is supported by 
scales at both ends. We’ll use the ideas of static 
equilibrium to figure out what each scale must read. 
This would be trivial if the man were standing in the 
middle of the plank. If that were the case, we could 
just sum up the weights of the man and the plank 
(1,600 N) and divide by two to get the force applied 
by each of the scales. But, since he is left of center a 
bit, the scale on the left will read more. What we 
know for sure is that the sum of the forces and the 
sum of the torques must be zero:  
 

€ 

Fx = 0,
 
∑   Fy = 0,∑   τ = 0∑  

 
Since the diagram shows only vertically applied 
forces, we can ignore the sum of horizontal forces. In 
the vertical direction, the sum of the forces must 
equal zero. We’ll distinguish between upward and 
downward forces by calling the downward forces 
negative: 
 

€ 

F1 + F2 − 600N −1,000N = 0  
 
This is a true statement, but with two unknowns and 
only one equation, we’re stuck. So let’s look at it 
from the perspective of torque. Remember, the 
torques must be defined with respect to the point of 
rotation. Sometimes the point of rotation is obvious 
(like in the previous lab, where there was a definite 
pivot point). Well, it turns out that when summing up 
torques in a system, any point can be used as the 
“point of rotation.” This is a counterintuitive idea, but 
it can be very useful, as in the case of this example. 
Consider the fact that two of the torques present 
come from unknown forces. However, if the point of 
rotation is chosen to be at one of those forces, then 
the lever arm at that point will be zero. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore, there is no torque caused by that force. 
Let’s choose the point of rotation to be the point 
where Scale 1 supports the plank. The man is 2.0 m 
from that point and Scale 2 is 8.0 m from that point. 
As for the beam, since it is uniform, all of its weight 
can be considered to be acting at its center of mass 
(4.0 m from Scale 1). The convention for torques is 
to call clockwise torques negative and 
counterclockwise torques positive: 
 

€ 

− 600N ⋅2.0m( ) − 1,000N ⋅4.0m( ) + F2 ⋅8.0m( ) = 0 
 

€ 

F2 = 650N  
 
Now we can go back to the balanced force equation 
to find the force on Scale 1: 
 

€ 

F1 + 650N − 600N −1,000N = 0  
 

€ 

F1 = 950N  

Scale 1 Scale 2 

1,000 N 

600 N 

F1 

F2 

4.0 m 

2.0 m 

Figure 11.14: A 600 N man is standing 2.0 m 
from the left end of an 8.0 m long, 1,000 N beam, 
supported by two scales. The diagram below the 
drawing shows all forces acting on the system. 
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 Figure 11.15 shows another example of static 
equilibrium. Two men are both holding onto cables 
that are attached to a 70 N bowling ball. Let’s use the 
principles of static equilibrium to figure out how 
much force each of them exerts on the cable he is 
holding. Looking at the components of force in the 
vertical direction first: 
 

€ 

F1y + F2y − 70N = 0  

€ 

⇒  F1 cos18° + F2 cos 68°− 70N = 0  
 

Since there are two unknowns and only one equation, 
we’re temporarily stuck. So, let’s try looking at the 
components of force in the horizontal direction (we’ll 
call forces directed to the left negative): 
 

€ 

F1x − F2x = 0 

€ 

⇒  − F1 sin18° + F2 sin 68° = 0  

€ 

⇒  F1 sin18° = F2 sin 68°  

€ 

⇒  F1 =
F2 sin 68°

sin18°
 

 

€ 

⇒  F1= 3.0F2  
 
Now we can use this result as a substitution into the 
equation for forces in the vertical direction: 
 

€ 

F1 cos18° + F2 cos 68°− 70N = 0  

€ 

⇒  3F2 cos18° + F2 cos 68°− 70N = 0 

€ 

⇒  F2 (3cos18° + cos 68°) − 70N = 0 

€ 

⇒  F2 =
70N

(3cos18° + cos 68°)
= 21.7N  

 
And, finally: 
 

€ 

F1= 3.0F2 = 3 21.7N( ) = 65.1N  
 

 

 

Figure 11.15: Two men 
holding onto cables 
attached to the ball 
support a 70 N bowling 
ball. The diagram to the 
left shows all forces 
acting on the system. 

 

70 N 

F2 

F1 

F1y 

F1x F2x 

F2y 

18° 

68° 

Figure 11.16: The boys in this 
photograph are in a state of static 
equilibrium. The torques on 
either side of the point of rotation 
(the feet of the boy on the right) 
are equal. Another way of looking 
at this is in terms of the center of 
mass. The combined center of 
mass of the two boys is vertically 
aligned with the feet of the boy on 
the right. (Photo by Colby 
D’Onofrio, Class of 2014.) 



 183 

NEWTON’S SECOND LAW: THE LAW OF ACCELERATION 
 

EWTON’S FIRST LAW of Motion 
governs the motion of objects when 
there is no net force present. It’s a 
seemingly simple law. When no 
force is present, objects just keep 
moving in a straight line at constant 

speed (unless they’re not moving to begin with). As 
explained earlier, the First Law works out really well 
for NASA. They can make space probes that will 
travel to the farthest reaches of the galaxy, and even 
beyond, without worrying about running out of fuel 
... because it doesn’t matter if they run out of fuel. 
Once they are beyond the significant pull of gravity 
of nearby planets and stars, the fuel can run out and 
the probe will just coast … forever! Well, ideally 
anyway. If the probe were to run into the 
gravitational field of a star or planet, then a net force 
would be present. In that case, the Second Law of 
Motion would apply and the probe would accelerate 
in the direction of that net force. By the way, getting 
that probe going in the first place is not a trivial 

matter. Initially it is at rest and, as you know, wants 
to stay that way. Figure 11.17 shows the liftoff of 
Voyager-1 on September 5, 1977. Most of what you 
see in the photograph is the multistage rocket engine, 
the Titan III E/ Centaur. The rocket (or “launch 
vehicle,” as it is known) provides the necessary net 
force to change Voyager’s state of motion (to give it 
a liftoff). But to give the spacecraft enough speed to 
escape the earth’s gravity requires LOTS of force 
from LOTS of fuel. And LOTS of fuel has LOTS of 
mass. So to get the 1-ton Voyager into space actually 
required a rocket with a mass of 700 tons. This rocket 
stood 16 stories tall and provided a thrust of over 
2,000,000 pounds. That’s a big push! 
 Newton discovered that when a net force does 
act on an object (like the rocket thrust on itself and 
Voyager), the object accelerates in the direction of 
the net force. The resulting acceleration is 
proportional to the net force and inversely 
proportional to the total mass of the object being 
accelerated. This is the Second Law of Motion. 
Qualitatively, it’s easy to see the relationship. 
Imagine going grocery shopping and pushing on your 
empty cart. The harder you push, the greater the force 
and therefore, the greater the acceleration. Once you 
fill up the cart though, the mass is greater, and the 
same force you used in the beginning now gives you 
a smaller acceleration. Therefore, the two elements of 
Newton’s Second Law of Motion are: 

 

€ 

   •  acceleration∝ force    

   •  acceleration∝ 1
mass

    

 
Putting these two ideas together gives an equation 
that quantifies the law: 
 

€ 

acceleration =
Forcenet
masstotal

 ⇒    

€ 

a =
Fnet
mtot

 

 
 If you can “read” equations the way math types 
do, it’s easy to see that no matter how large the mass, 
any net force greater than zero will produce an 
acceleration. Let’s look at the equation a bit 
differently though: 

€ 

F = ma . If mass is measured in 
kilograms and acceleration is measured in 

€ 

m / s2 , 
then force has units of 

€ 

kg ⋅m / s2. But we will always 
measure force in Newtons. 

€ 

1Newton = 1kg ⋅m / s2 . 

N 

Figure 11.17: The liftoff of Voyager-1 atop a 
Titan/Centaur rocket at 8:56 A.M. EDT on 
September 5, 1977. An enormous force was 
required to give the 1-ton spacecraft enough 
acceleration to escape the Earth’s gravitational 
pull. The 700-ton launch vehicle stood 16 stories 
high and provided 2,000,000 pounds of force. 
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WEIGHT – A SPECIAL FORCE 
 The weight of an object is very often one of the 
forces involved in the “net” force causing its 
acceleration. Sometimes it is the entire net force (as 
in freefalling, for example). If an object is freefalling, 
its acceleration is -9.8 m/s2, “g.” Now all acceleration 
is due to some unbalanced force acting on a mass. So 
let’s think about freefalling. The unbalanced force is 
the weight of the object and the mass is the mass of 
the same object. So,  
 

€ 

g =
Fweight
mass

 ⇒  g =
Fw
m

 ⇒  

€ 

Fw = mg  

 
This means that the weight (in Newtons) of any 
object is simply its mass multiplied by the 
acceleration due to gravity. 

USING THE LAW OF ACCELERATION 
 Let’s go back to the equation for the Second Law 
of Motion, 

€ 

a = Fnet /mtot . This looks deceptively 
simple, but it is anything but simplistic. This is a 
very, very powerful equation. The “net” subscript on 
the force is a reminder that the force used in the 

equation is a composite 
force, being the sum of all 
forces present. In the case of 
the Voyager launch, the net 
force was the upward thrust 
of the rocket minus the 
downward force of the 
weight of the rocket and 
voyager. And after it began 
to move, there was a third 
force of air resistance. The 
“total” subscript on the mass 
is a reminder that the mass 
used in the equation is the 
mass of everything that is 
moving under the influence 
of the force. For example, in 
Figure 11.19 if the tabletop 
were frictionless, the 
hanging mass, m2 would 
accelerate both itself and the 
mass on the table, m1. The 
net force causing the 
acceleration would be just 
the weight of the hanging 
mass, but the mass being 

accelerated would be the sum of the two masses. 
 Many people new to this equation believe that 
the weight on the tabletop provides a force, because 
if you were to increase its mass the system would 
accelerate more slowly. This isn’t due to any force it 
supplies though. It’s due to the extra inertia of the 
system, which is accounted for in the mass term. 
Another way to think about this is to imagine cutting 
the string. The hanging mass would fall. It would fall 
because its weight applies a force downward. But the 
tabletop mass wouldn’t move at all. Its weight just 
pushes it into the table. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

m1 

m2 

Figure 11.19 

frictionless 

 

Figure 11.18: The success of this sprinter depends not only on his speed, but 
also on how quickly he gets up to speed – his acceleration. Newton’s Second 
Law of Motion governs his acceleration. A high acceleration requires a large 
force (note the strong calf muscles) acting on a small mass (note the sprinter’s 
small frame). (Photo by Lindsay Yellen, Class of 2008.) 
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Example 
A U.S. Army Green Beret with a mass of 70-kg 
rappels down a rope from a helicopter with a 
downward acceleration of 3.5 m/s2. What vertical 
force does the rope exert on the soldier? 
 
Solution: 
 • Draw a diagram of the situation, carefully 

indicating the masses, acceleration, and all 
forces contributing to the acceleration. Also, 
indicate the direction that will be treated as the 
positive direction. 

 
 
 
 
 
 
 
 
 
 
 
 • Identify all givens (explicit and implicit) and 

label with the proper symbol. 
 
 - There is one mass being accelerated,  

m1 = 70 kg 
 - The acceleration is downward, in the opposite 

of the positive direction, so it must be 
designated negative. 

 

 

 - The force due to the weight is also directed 
downward, so it must also be designated as 
negative. Its value can be determined by 
multiplying the mass by the acceleration due 
to gravity: 

 
  

€ 

Fweight = m1g = 70kg( ) 9.8 m
s2( ) = 686N  

 
 Given: m = 70 kg 
    a = -3.5 m/s2 

   Fweight = -686 N 
 
 • Determine what you’re trying to find. 
  The problem specifically asks for the vertical 

force exerted by the rope on the soldier. 
 
 Find: Frope 
 
 • Do the calculations. 

 

€ 

a =
Fnet
mtotal

 ⇒  a =
Frope + Fweight

m1
  

 
      

€ 

⇒  m1a = Frope + Fweight  
 
 

€ 

⇒  Frope = m1a − Fweight  
 
 

€ 

⇒  Frope = 70kg( ) −3.5 m
s2( ) − −686N( )  

 
= 

€ 

441 N  
 

 
 
 
 
 
 

Fweight 

m1 = 70 kg 

Frope 

a = 3.5 m/s2 + 
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NEWTON’S SECOND LAW OF MOTION – ROTATIONAL MOTION 
 

HE WORLD TRADE Center was not 
yet completed when Philippe Petit 
sneaked up to the top of one tower and 
had three friends help him string a 
cable across to the other. It was August 
7, 1974 when the Frenchman, 1,350 

feet above the ground, tight-roped across the 140-foot 
gap to the other tower, shocking and delighting the 
100,000 New Yorkers below. He and his friends had 
spent the night preparing for the stunt and now with 
the flair and charisma of the superb entertainer he is, 
he grabbed his balancing pole and began nearly an 
hour of high altitude entertainment. But there’s no 
way you could have convinced him to go out on the 
cable without his balancing pole. The pole is what 
gave him the inertia he needed to reduce his tendency 
to fall. Up to this point, you have understood inertia 
to be that property that causes objects to resist 
changes in motion. More of this stuff reduces the 
acceleration of an object for the same amount of 
force. Petit’s pole, however, provided a rotational 
inertia. The higher the rotational inertia, the slower  

the rotational acceleration. It was this rotational 
acceleration that he was attempting to eliminate. He 
didn’t want to fall off the cable. That is, he didn’t 
want to … roll off the cable. 

ROTATIONAL INERTIA 
 Most everyone has tried to balance a broom or 
garden rake vertically from its tip. It’s not too hard 
and you can even do it resting the end of the handle 
on your nose or chin. It’s easy because both the 
broom and the rake have lots of rotational inertia 
when they are rotated about their ends. Translational 
inertia depends on mass. Double the mass and you 
double the inertia. But rotational inertia depends on 
not only the mass of the object, but the distribution of 
that mass as well. In fact, the distribution of mass is 
even more important than the mass itself. If you 
doubled the length of a rake, which had virtually all 
its mass contained in the metal end, and balanced it 
from the other end, you would quadruple its 
rotational inertia – it would rotate four times more 
slowly than when it was half that length. That’s why 
Petit used so long a pole. Because of its great length, 
much of the pole mass was distributed very far from 
the point of rotation (Petit’s feet). This made the 
rotational inertia high and the corresponding 
rotational acceleration low. Since the rotational 
acceleration was low, Petit could feel himself begin 
to roll and correct himself before he fell. Without the 
pole though, he would have been unable to anticipate 
the roll off the cable before it was too late to make 
adjustments. This is an instinct for most people. 
Watch a young boy as he tries to walk across a log 
that is lying over a river. As soon as he steps onto the 
log, you’ll see him instantly extend his arms. Ask 
him why he does it and he’ll say it’s to “keep my 
balance,” which is true. Probe a bit deeper and you’ll 
find he most likely doesn’t actually know how the 
extended arms help with the balance. He can just … 
feel it. 

SPINNING VS. TRANSLATING 
 The first time I heard the term “spinning class,” I 
thought it had something to do with yarn or the 
spinning wheels that seem to be so prevalent in fairy 
tales. But spinning classes (which consist of groups 
of people riding stationary bicycles and being led by 
an instructor who simulates hills by encouraging 
participants to increase the frictional tension on the 
wheel) have become very popular in the health clubs 
that punctuate the urban and suburban landscape. I 
took a few of these classes when I was training for a 
weeklong bike ride down through Big Sur. I had an 

T 

Figure 11.20: Phillipe Petit uses a balancing 
pole to walk a tightrope strung between the two 
unfinished towers of the World Trade Center. 
The pole’s great length gave Petit the rotational 
inertia he needed to keep from falling – or 
rolling – off the tightrope. (Photo copyright by 
Thierry Orbach from the book, On the High 
Wire by Philippe Petit.) 
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instructor who reminded me of a certain drill sergeant 
who used to make my life an earthly hell. By the end 
of an hour of spinning, I was drenched in sweat, 
could hardly walk, and felt like I had just done the 
Big Sur ride nonstop. But, I had actually gone … 
nowhere. I hadn’t moved at all. Well, that’s not 
exactly true. I had actually moved my legs a lot, 
spinning the wheel of the bike, but my movement 
hadn’t transported me anywhere.  
 All the motion we’ve dealt with so far involves 
moving from place to place. If we stop there, we miss 
a completely different realm of motion – the motion 
of things that rotate. It is the motion of planets as 
they rotate on their axes, the motion of the ice skater 
as she executes her final spin, the motion of the yo-yo 
as it falls from its string tether, and the motion of 
two-dozen wheels in an urban spinning class. 

LINEAR MOTION EQUATIONS VS. 
ROTATIONAL MOTION EQUATIONS 
 In order to understand how to apply Newton’s 
Second Law to rotational motion we need to make a 
link back to what we know about translational 
motion. Then we can lay a foundation for rotational 
motion. These equations look complicated at first, but 
only because of the abundance of Greek letters. The 
equations that describe rotational motion all have 
counterpart equations that you’ve already mastered 
(well, at least equations you’ve already used). So if 
you feel comfortable using the four equations of 

motion as well as Newton’s Second Law of Motion, 
then there really is nothing new.  
 Let’s compare the symbols of the two regimes 
followed by the equations. Table 11.2 compares 
familiar measurements in the linear regime with like 
measurements in the rotational regime. The most 
unfamiliar term is probably “rad,” which is short for 
radians. A radian is just a measure of an angle. 
(Remember things are rotating about some axis in the 
rotational regime, so it makes sense that the 
displacement would be related to how much it turns.) 
Figure 11.22 illustrates where the idea of the radian 
originates. 
 

Linear 
measurement 

Linear 
symbol 

Rotational 
measurement 

Rotational 
symbol 

Time 

€ 

t  (s)  Time 

€ 

t  (s)  
Linear 
Displacement 

€ 

d  (m)  Angular 
Displacement 

€ 

θ  rad( )  

Average 
linear speed 

€ 

vav  m
s( )  Average 

angular speed 

€ 

ωav  rad
s( )  

Initial 
linear speed 

€ 

vi  m
s( )  Initial 

angular speed 

€ 

ω i  rad
s( )  

Final 
linear speed 

€ 

v f  m
s( ) Final  

angular speed 

€ 

ω f  rad
s( )  

Linear 
acceleration 

€ 

a  m
s2( ) Angular 

acceleration 

€ 

α  rad
s2( )  

Mass 

€ 

m  (kg)  Rotational 
inertia 

€ 

I  kg ⋅m2( )  

Force 

€ 

F  (N )  Torque 

€ 

τ  N ⋅m( ) 

Table 11.1: A comparison of measurements and 
symbols from linear and rotational motion. 

 
 Figure 11.22 shows a sector of a circle with a 
particular arc length, s. The measure of the angle, θ 
comes from the ratio of the arc length to the radius of 
the circle: 
 

€ 

θ =
s
r

 

 
For an arc length of one full circumference of the 
circle, then: 
 

€ 

s = 2πr  
 

Figure 11.21: An hour-long spinning class 
exhausts the participants because of the non-stop 
physical motion. But, since the motion consists of 
spinning the wheel of a stationary bicycle, they 
end up having gone … nowhere. The motion in 
this case is rotational and fundamentally different 
from the translational motion you have studied so 
far. 
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The angle would be: 
 

€ 

θ =
2πr
r

= 2π . 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notice that the angle has no real units, but it is often 
expressed as 2π radians. In this case, the “radian” 
unit is just a placeholder when using the equations. 
Also notice that if the full circle angle is 2π, then 2π 
= 360°, and you have a way to convert from 
conventional angle units (degrees) to those used in 
the equations for rotational motion (always expressed 
in radians).  
 

€ 

Angle  (degrees) =
360°

2π  radians
# 

$ 
% 

& 

' 
( • Angle  (radians)

Angle  (radians) =
2π  radians

360°

# 

$ 
% 

& 

' 
( • Angle  (degrees)

 

 
 Table 11.2 compares the equations of motion for 
the two regimes. The equations are identical in form 
to the translational motion equations, so there’s really 
nothing new except for the symbols. 

 

Translational 
Equation of Motion 

Rotational Equation 
of Motion 

€ 

vav =
d
t

 

€ 

ωav =
θ
t

 

€ 

a =
v f − vi
t

 

€ 

α =
ω f −ω i

t
 

€ 

d = vit + 1
2 at

2  

€ 

θ =ω it + 1
2αt

2  

€ 

v f
2 = vi

2 + 2ad  

€ 

ω f
2 =ω i

2 + 2αθ  

€ 

a =
Fnet
m

 

€ 

α =
τ net
I

 

Table 11.2: A comparison of the translational 
equations of motion with the rotational equations 
of motion. 

ROTATIONAL INERTIA REVISITED 
 With the background of the last few pages, you 
can begin to appreciate the largest single difference 
between translational and rotational motion. It’s all 
about the role that inertia plays. As noted before, the 
inertia of an object being accelerated translationally 
is simply its mass. Therefore, when you use 
Newton’s Second Law, the acceleration is always 
calculated using: 
 

€ 

a =
Fnet
m

 

 
The acceleration does not depend on how the mass is 
distributed. As long as the force doesn’t change, the 
mass can have any shape and the acceleration will 
always be the same. 
 With rotational acceleration, the shape of the 
mass and the axis it rotates around not only have an 
effect on rotational acceleration, but it is a larger 
effect than the amount of mass being rotated. When 
you use Newton’s Second Law, the rotational 
acceleration is always calculated using: 
 

€ 

α =
τ net
I

 

 
Unlike translational acceleration, rotational 
acceleration does depend on how the mass is 
distributed. Even if the force doesn’t change, a 
different distribution of mass can have a very large 
effect on the resulting rotational acceleration. 

Arc length, s 

Radius, r 

Angle, θ  

Figure 11.22: Origin of the radian. The angle 
shown, θ ,  is the ratio of the arc length, s, to the 
radius of the circle, r. This ratio gives the angle 
in the units of radians. 
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 As an illustration of the difference between 
translational and rotational acceleration, let’s 
consider two dumbbells, both consisting of a 50 cm 
long rod, with a mass of 0.20 kg and two 1.0 kg 
spheres. One dumbbell has the spheres attached at the 
ends of the rod and the other has the spheres attached 
5 cm from the center of the rod. 
 
 
 
 
 
 
 
 
 
 
 First, let’s assume the dumbbells will both be 
thrown without any spin and that the applied force 
will be 5.0 N. The mass of each dumbbell is the sum 
of the mass of the rod and the masses of the two 
spheres (

€ 

0.20kg +1.0kg +1.0kg = 2.2kg ). It is the 
same mass for both. We’ll use Newton’s Second Law 
to calculate the acceleration for each dumbbell: 
 

€ 

a#1 =
Fnet
m#1

=
5.0N
2.2kg

=   

€ 

2.3 m
s2

 

 

€ 

a#2 =
Fnet
m#2

=
5.0N
2.2kg

=  

€ 

2.3 m
s2

 

 
 Now, let’s assume the dumbbells will both be 
rotated about an axis perpendicular to the center of 
the rod with a torque of 5.0 N-m. The rotational 
inertia of each dumbbell is the sum of the rotational 
inertia of the rod and the rotational inertias of the two 
spheres. In both cases, the rotational inertia of the rod 
is the same. Figure 11.22 shows that the rotational 
inertia (I) for a thin rod with mass, M, and length, L, 

rotated through an axis perpendicular to the center is 
equal to 

€ 

I = 1
12 ML

2  (see Figure 11.23). Therefore, in 
the case of both dumbbells, the rotational inertia of 
the rod is: 
 

€ 

I =
1
12

ML2 =
1
12

0.20kg( ) 0.50m( )2 =

€ 

4.2×10−3kg •m2  

 
The rotational inertia of the spheres will be different 
for the two cases. The rotational inertia for a mass, 
M, rotating in a circle of radius, R, is 

€ 

I = MR2. 
Therefore, the rotational inertia of the spheres in 
dumbbell #1 is: 

€ 

I = 2•MR2 = 2 1.0kg( ) 0.25m( )2 =

€ 

0.125kg •m2  
 
The rotational inertia of the spheres in dumbbell #2 
is: 

€ 

I = 2•MR2 = 2 1.0kg( ) 0.05m( )2 =

€ 

0.005kg •m2  
 
Finally, we’ll use Newton’s Second Law to calculate 
the rotational acceleration for each dumbbell: 
 

€ 

α#1 =
τ net
I#1

=
5.0N •m

4.2×10−3 + 0.125( )kg •m2
=   

€ 

39 rad
s2

 

 

€ 

α#2 =
τ net
I#2

=
5.0N •m

4.2×10−3 + 0.005( )kg •m2
=   

€ 

543 rad
s2

 

 
 The previous example is meant to illustrate the 
major difference between translational motion and 
rotational motion. In the case of the dumbbells, 
changing the distribution of mass had no effect on the 
translational acceleration, but moving the spheres 
closer to the point of rotation caused the rotational 
acceleration to increase by almost 13 times! 
 

#1 

#2 

50 cm 

10 cm 
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Figure 11.23: Rotational Inertias for various shaped 
objects about various axes of rotation. 

 

Point mass rotating about some axis 

R 
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NEWTON’S THIRD LAW: THE LAW OF ACTION/REACTION 
 

OU CAN GET every 5th grade kid to 
“parrot it.” Just say, “For every 
action …” They’ll respond with, “… 
there’s an equal and opposite 
reaction.” If you ask them, it’s a 
good bet that they will not be able to 

explain what “action” or “reaction” means and they’ll 
probably also have a difficult time explaining the 
finer points of what “equal and opposite” mean. But, 
they can say the phrase. The phrase is the essence of 
Newton’s Third Law of Motion, but I like it 
expressed in the following way: “For every force 
that one object exerts on a second object, the 
second object exerts an equal (in size) and 
opposite (in direction) reaction force on the first 
object.” 
 It leaves no ambiguity. We’re talking about 
forces. It sounds so simple that it is routinely taught 
to elementary-school-aged kids, but it’s the seeming 
simplicity that causes most people to miss the 
profound subtlety of the law. Newton implied with 
his Third Law of Motion that … there are no isolated 
forces. That’s right. You can’t create a single force, 
only pairs of forces. Perhaps even that sounds 
straightforward. Let’s look at some subtleties that 
cause people to get hung up in their understanding 
this Law of Action – Reaction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 While it’s true that “for every force, there is an 
equal and opposite reaction force,” that implies that a 
force cannot be created unless there is the physical 

possibility for a reaction force to exist. In other 
words, you can’t apply a force without there being 
something with enough structural integrity to push or 
pull back on you (see Figure 11.23).  
 Another misconception is that the action and 
reaction forces cancel each other out. It’s easy to get 
that feeling when you look at a tug of war, for 
example (see Figure 11.24). Both of the dogs pull on 
the towel, but neither one of them is budging. 
However, it’s not because the forces are canceling 
each other out. Think about it. If you cut the towel in 
half, gave each dog an end, and then stood between 
them, holding the other two ends, you would feel a 
tug! Those forces don’t cancel out. It’s true that the 
forces are equal and opposite, but … they don’t act 
on each other, they act on the object they are attached 
to. In the photo, the black dog applies a force to the 
towel. That force doesn’t pull on the other dog’s 
reaction force, canceling it out. No, it pulls on the 
other dog, preventing him from moving to the left. If 
the action and reaction forces did cancel each other 
out, tug of wars would be useless and boring – no one 
would ever win! 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Finally, it’s true that “for every force, there is an 
equal and opposite reaction force,” but that doesn’t 
mean the two same-size forces will have the same 
effect on their respective objects. Take a gun and 
bullet, for example. When the gun is fired, it pushes 
on the bullet, accelerating it out of the gun. On the 

Y 

Figure 11.23: The paper doesn’t have the 
necessary strength to resist the force of the fist. 
Because the reaction force of the paper is so 
limited, the fist is unable to apply a large force to 
the paper. It can only apply a force as large as the 
paper can return. (Photo by Ryan Villanueva, 
Class of 2009.) 

Figure 11.24: The two dogs both pull on the end of 
the towel, but the towel doesn’t move. However, 
it’s not because the two forces cancel each other 
out. The two forces are “equal and opposite,” but 
the forces don’t pull on each other. The black 
dog’s force acts on the other dog, preventing this 
dog from moving to the left. Likewise, the other 
dog’s force acts on the black dog, preventing him 
from moving to the right. 
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way out, the bullet applies the same 
force on the gun. But even though the 
forces are the same, I’d always choose 
to be on the gun side of the explosion. 
It’s safer. The gun recoils, but the 
bullet kills. It’s NOT THE SAME 
EFFECT. The reason for the 
difference in effect is the difference in 
masses. The same force pushing on 
the more massive gun will cause a 
much smaller acceleration. The guns 
with the biggest “kicks” are the little 
ones, the ones that used to be called 
Saturday night specials. Due to the 
very small mass of these highly 
concealable guns, they have a larger 
acceleration when they shoot their 
bullets. Figure 11.25 shows a before 
and after sequence of a girl throwing a 
small weight. In the process of 
throwing the weight, the weight 
applies a reaction force on her that is 
equal to the force applied to it. 
However, since her mass is so much 
greater than that of the weight, her 
acceleration is very small compared to 
the acceleration of the weight. She 
hardly moves, even though the force 
applied to her is the same as that 
applied to the weight. Sometimes, 
when the masses that the two forces 
are acting on are extremely different, 
it’s hard to recognize the nature of the 
reaction force or to even consider its 
existence. For example, consider a 
sprinter at the beginning of her race. 
The gun goes off and she bolts from 
the starting blocks. But what does she 
actually do? She pushes hard and 
backward against those blocks. And a 
reaction force of the same size 
pushing forward must match that 
force. That forward force is the blocks pushing against her feet. However, since those blocks are 

connected to the Earth, it’s really the Earth that is 
pushing forward on her. It’s interesting to consider 
that she doesn’t really push herself forward at all. 
Rather, she coaxes the Earth into pushing her 
forward. That’s not to say that her backward push on 
the blocks has no effect. Her force backward on the 
Earth actually causes the Earth to rotate backward 
(but only by the slightest, and most immeasurable 
bit). 
 

 

Figure 11.25: In the top photo, the girl holds a weight in front of 
herself. In the bottom photo, she throws the weight by applying a 
forward force to it. Although the reaction force of the weight 
backwards on her has the same size, the effect on her is much 
smaller because her mass is much greater than that of the weight. 
(Photo by Nick Sohn, Class of 2009.) 
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CHAPTER 12: LAWS APPLICATIONS 
THE FORCE OF FRICTION 

 
S FRICTION GOOD 
or bad? Ask the 
average person that 
question and they 
most often answer 
“bad,” thinking of 

worn soles on shoes or worn 
out treads on automobile 
tires. However, not as many 
quickly consider the benefit 
of friction in stopping their 
car or in holding together a 
holiday wreath or even in … 
holding up their pants. To 
truly understand and 
describe motion, you have to 
include the effect of friction 
because it is always present. 
There is no place in the 
universe where you could go 
to avoid friction. Even in the 
depths of the most remote corner of space there are 
occasional atoms and molecules that would block 
your path. Whenever something is in motion on a 
surface or through a fluid such as air or water, there 
is resistance to the motion. This resistance is friction, 
a force that opposes motion. Sometimes it is 
desirable, such as when we want to walk or run or 
control the motion of wheeled vehicles. Consider the 
feeling of panic a driver feels when he needs to stop 
quickly on an icy surface and the force of friction is 
so small that the vehicle simply slides ahead. 
However, sometimes the force of friction is 
undesirable and efforts are made to reduce it as much 
as possible. We normally do this by making the 
surfaces in contact as smooth as possible or by 
lubricating these surfaces. The life of the engine in a 
car is strongly dependent on how well lubricated the 
moving parts are. With too little lubrication, the force 
of friction quickly wears away at surfaces in contact 
(such as the toes of two of the ballet slippers in 
Figure 12.1). 
 One of the easiest ways to understand friction 
and where it comes from is to examine a piece of 
sand paper. Figure 12.2 is a close-up photograph of a 
piece of 40-grit sandpaper. Under magnification, the 
sand resembles pebbles. These “pebbles” are glued to 
the paper. Imagine taking two pieces of this 
sandpaper and putting them face-to-face. The sand 
grains would interlock, and in order to slide the 
pieces of sandpaper against each other you would 

have to apply a force to 
pull some of the pieces of 
sand from the paper. This 
is the essence of friction. 
The force you apply to 
liberate the pebble from 
its glue is the force of 
friction. Prior to the 
1950s, tribologists (those 
who study the 
phenomenon of friction) 
believed this macroscopic 
model was the 
mechanism for all 
frictional effects. 
However, two metal 
surfaces that are polished 
to higher and higher 
degrees of smoothness 
will actually begin to 
experience greater friction 

between their surfaces as they approach perfect 
smoothness. So a new microscopic model for friction 
between solids was developed – the atomic bonding 
of atoms between two surfaces sliding against each 
other.  

I 

Figure 12.2: This magnified image of 40-grit piece 
of sandpaper illustrates the essence of 
macroscopic friction. If another piece of 
sandpaper were laid face-to-face with this one, the 
grains of sand would interlock. Then to slide one 
piece of sandpaper against the other would 
require pieces of sand to be torn from the paper. 
The force required to do that is the force of 
friction. 

Figure 12.1: When moving surfaces are in contact 
with each other, the effect of friction cannot be 
ignored. It often leaves an artifact that gives 
information about the nature of the motion. In 
this photograph (taken by Kelly Varian, Class of 
2009) it is obvious how the ballet dancer has 
danced in order to produce the effects seen in two 
of these slippers. 



 194 

 Figure 12.3 is a close-up photograph of a piece 
of “smooth” 400-grit sandpaper. (400-grit has ten 
times the number of pieces of sand in the same area 
as 40-grit sandpaper.) Under magnification, you can 
see that even the 400-grit surface is actually quite 
rough. If you tried to slide the surface of this 
sandpaper against another, atoms at the peaks of one 
surface would bond with atoms at the peaks of the 
other surface. Further movement would cause a 
breaking of these bonds, which results in a force 
opposing motion – again, the force of friction. Some 
surfaces can actually be polished so smoothly that 
exceptionally large numbers of molecules come into 
contact and bond. Breaking these bonds is difficult, 
or even impossible, and the surfaces are joined in 
what is known as a “cold weld.” 

FORCE OF FRICTION DETAILS 
 The force of friction between two solid surfaces 
depends on two factors:  
 
 
1. The force of friction between two solid 
surfaces depends on the perpendicular force 
between the surfaces in contact. 
 
2. The force of friction between two solid 
surfaces depends on the nature of the 
surfaces in contact. 
 
 
These two factors work together to give a net 
frictional force. Let’s consider each of these factors 
for a moment. 
 If you press your hands together and then try to 
slide them against each other, you can see that the 
ease with which you can do this depends on how hard 
you press your hands together. I’m going to call this 
force acting to push the two surfaces together the 
perpendicular force (

€ 

F⊥ ). The perpendicular force is 
simply the force acting perpendicularly between the 
two surfaces. The force of friction is proportional to 
the perpendicular force. This simply means that by 
whatever factor you increase the force between the 
surfaces, the force of friction gets larger by the same 
factor – doubling the perpendicular force doubles the 
frictional force. When an object is on a surface 
parallel to the surface of the Earth the 
perpendicular force is simply the weight of the 
object. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Now let’s consider the nature of the surfaces. If 
you rub your hands together again and keep the same 
perpendicular force acting between your hands, the 
only way to alter the force of friction is by changing 
the surfaces of your hands in some way. If you were 
to add a little oil to your hands they would become 
slippery. That's just the non-physics-way of saying 
the force of friction is low. If you used sand in 
between your hands instead of the oil, it would have 
the opposite effect. This condition of the surfaces can 
be described by a quantity known as the coefficient 
of friction (

€ 

µ). The force of friction is also 
proportional to the coefficient of friction. Table 12.1 
provides coefficients of friction for several surfaces 
in contact. Note that in each case, there are two 
coefficients given: 

€ 

µs (for “static” friction) and 

€ 

µk  
(for “kinetic” friction). Static friction is the type of 
friction that exists between two surfaces when an 
attempt is being made to slide the surfaces against 
each other, but no motion has yet occurred. Once the 
surfaces “break free” and begin to slide against each 
other, the type of friction occurring is kinetic friction. 
You should notice that the kinetic coefficients of 
friction are always smaller than the static coefficients 
of friction. That means that kinetic frictional forces 
are always smaller than static frictional forces. In 
other words, it’s always harder to get two objects to 
slide against each other than to keep them moving 
against each other. 

Figure 12.3: This magnified image of 400-grit 
piece of sandpaper illustrates how even relatively 
smooth surfaces are actually very rough at the 
microscopic level. If you tried to slide the surface 
of this sandpaper against another, atoms at the 
peaks of one surface would bond with atoms at the 
peaks of the other surface. Further movement 
would cause a breaking of these bonds, which 
results in a force opposing motion – again, the 
force of friction. 



 195 

 

 
SURFACES 

€ 

µs  

€ 

µk  

Steel on steel 0.74 0.57 

Glass on glass 0.94 0.40 

Tire on dry road 1.0 0.80 

Tire on icy road 0.30 0.015 

Bone joints 0.010 0.0030 

Table 12.1: Static and kinetic coefficients of 
friction for various solid surfaces in contact 
with each other. 

 The size of the force of friction, 

€ 

Ff , is simply 
the product of the force between the surfaces and the 
coefficient of friction: 
 

€ 

Ff = µF⊥  
 
 All the coefficients of friction shown in Table 
12.1 are numbers between 0 and 1. This is typical for 
most surfaces in contact with each other. A 
coefficient of 0 would mean the surfaces in contact 
were perfectly frictionless. A coefficient of 1 would 
mean that it would take a force equal to the weight of 
an object to scrape it along the surface in contact. A 
relatively high coefficient of friction exists between 
automobile tires skidding on dry pavement (0.8). 
However, the coefficient of friction between the same 
tires skidding on icy pavement is only 0.015. To 
understand the consequences of this, consider a  
2,000-pound car skidding on pavement: 
The force of friction acting on the car as it skids on 
dry pavement is:  
 

€ 

Ff = µF⊥ = 0.8( ) 2,000  pounds( ) = 1,600 pounds  
 
However, the force of friction acting on the car as it 
skids on an icy road is only: 
 

€ 

Ff = µF⊥ = 0.015( ) 2,000  pounds( ) = 30 pounds  
 
No wonder it takes so long to stop a vehicle in icy 
conditions. 

FRICTION ARTIFACTS 
 So far, this discussion of friction has been 
technical. But there is an aspect of friction that is 
distinctly non-technical and sometimes very curious 
– the artifact that often remains after repeated friction 
takes place. Frictional force not only opposes motion, 
but also degrades the surfaces in contact. The type of 
wear caused by friction can be used to understand the 
unique way in which the surfaces were made to act 
against each other. The wear caused by the friction is, 
in a way, an artifact of the action of the surfaces 
against each other. In the remainder of this section, 
you will analyze some intriguing “friction artifacts” 
in several photographs that show evidence of friction. 
The photograph and some description of the friction 
will be presented and you will provide a short caption 
that highlights what the artifact means. I will do the 
first caption to provide an example: 
 
 
 
The statue shown below has oxidized to the 
familiar green color of tarnished copper. But 
the fingers have the appearance of new 
copper that has not been weathered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Caption: Human nature apparently causes most 
people who touch this statue to grasp its outstretched 
fingers. The resulting friction keeps oxidation from 
forming on the fingers. 



 196 

Of the three pedals shown below, the brake 
pedal (the one in the middle) shows the 
greatest wear, especially on the right. The 
other two pedals show minimal wear. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Caption: 
 
 
 
 
 
 
 
 
The coin box on the newspaper stand below 
will take either five dimes or two quarters. 
There is evidence of wear at both slots. 
However, even though the quarter slot only 
requires two coins, it has the greater 
evidence of friction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Caption: 

The elevator button below (on the right) 
used to select the first floor has some 
evidence of friction surrounding it, but there 
is greater friction evident on the floor 
marker to the left. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Caption: 
 
 
 
 
 
 
 
The gas pump below shows significant 
effects of friction on the regular unleaded 
pad, a small amount of wear on the plus 
unleaded pad, and no obvious wear on the 
supreme unleaded pad. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Caption: 
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UNIFORM CIRCULAR MOTION 
 

O GET YOUR 
dictionary and tear 
out the word 
centrifugal. At least 
mark it out with a 
dark marker. That 

way you won’t be tempted to use it. 
There won’t be need to ever use the 
word since CENTRIFUGAL 
FORCE … DOESN’T EXIST. 
That’s right. It’s a totally fictitious 
force. But it’s used so commonly (as 
in centrifuge) and so misunderstood 
that almost everyone believes that 
when you’re on something that is 
moving in a circle, you are being 
acted upon by a centrifugal (pushing 
you outward) force. NO, NO, NO! 
The force acting on you when you 
move in a circle is a centripetal 
(pulling you inward) force. 

CENTRIFUGAL VS. 
CENTRIPETAL FORCE 
 I started this unit with a story 
about the Gravitron. Its motion is an 
example of uniform circular motion – 
much like the motion of a merry-go-
round, or the spin cycle of a washing 
machine or of the Moon around the 
Earth. These are all motions in a circle at constant 
speed. And the one thing that unifies all these 
uniform circular motions is the presence of a 
centripetal “center seeking” force. The bolts holding 
the horse to the platform of the merry-go-round 
provide the centripetal force necessary to move them 
in a circle. The walls of the washing machine tub 
provide that force for the clothes in the spin cycle 
(although the holes in the tub are unable to do the 
same for the water in the clothes). And the centripetal 
force acting on the Moon is the mutual gravitational 
attraction between the Earth and the Moon. There is 
always an “agent” of centripetal force. Without the 
agent of centripetal force the object moving in a 
circle would do what it is naturally inclined to do ... 
move off in a straight line at constant speed 
(remember the First Law?). Imagine driving a car 
into a tight curve at a high enough speed to make you 
really have to work the car to keep it in the curve. If 
you were to suddenly hit an icy spot, you would skid 
off the curve. Why? Because in order to stay on the 
curve (moving in a circle) you need a force to make 

you turn. You need a centripetal force. In this case, 
the agent is the friction between the tires and the 
road.  
 Still you want to say, “It makes sense, but I feel 
the centrifugal force!” Here’s the problem. Your 
view of reality is skewed when you are accelerating 
and what you feel cannot be trusted. It’s like the 
passenger in a car that skids to a stop. She says, 
“Wow I was thrown forward so hard I almost hit my 
head.” If you were watching from outside the car and 
asked, what force “threw” you forward, she might 
say that it was the throw-your-body-forward force. 
You might laugh and ask her how she knew. She 
would say confidently that she knew because she felt 
it. But you aren’t accelerating. So you can evaluate 
forces accurately and know that she wasn’t thrown 
forward, but simply kept moving forward after the car 
stopped. Anyone who has been moved rapidly in a 
circular path knows the feeling of the supposed 
centrifugal force. It feels very real and that is why 
people are so resistant to giving it up. 
 

G 

Figure 12.4: These riders are anchored to the inside of the Gravitron. 
If asked, they might say that the force responsible is the centrifugal 
force that pushes them out against the wall. In fact, the wall of the 
ride exerts an inward-directed centripetal force on the rider. If there 
were truly an outward acting centrifugal force, then the riders would 
fly off radially if the wall were to disappear. Instead, if the wall were 
to disappear, the centripetal force from the wall would no longer exist 
and the riders would fly off at a tangent to the circle they were 
spinning in – something most people would likely (and correctly) 
expect. 
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YOU SAY TOMAYTO AND 
I SAY TOMAHTO 
 Doesn’t it just depend on your 
perspective or how you decide to 
look at uniform circular motion? 
Depending on your outlook, isn’t 
centripetal or centrifugal kind of 
arbitrary? NO. Look at the people in 
the Gravitron. They might shout to 
you that they feel a centrifugal force, 
but what if the wall suddenly 
disappeared? Where would they go? 
If it’s a centrifugal force acting on 
them, then without the wall to 
oppose them, they’ll fly out radially. 
But if it’s a centripetal force acting 
on them, then when the wall 
disappears, the agent of centripetal 
force will also disappear and they 
will simply continue moving tangent 
to the circle, obeying Newton’s First 
Law of Motion. 
 The photo of the burning piece 
of steel wool in Figure 12.5 is 
compelling evidence for the 
existence of a centripetal force rather 
than a centrifugal force. As the steel 
burns and melts, this molten steel no 
longer has a strong bond with the unmelted steel. 
Without sufficient centripetal force, the molten pieces 
simply move off tangentially.  
 Try this new way of thinking now. Consider the 
salad spinner – the device used for drying greens 
after they’ve been washed (Figure 12.6). The washed 
greens are placed into the perforated bowl, which is 
then spun rapidly. The plastic part of the bowl 

provides a centripetal force to keep the salad green 
(larger than the perforation) moving in a circle. 
However, if a drop of water (smaller than the 
perforation) moving forward finds itself in the 
position of a perforation, there is no available 
centripetal force, since the perforation, being nothing 
physical, can provide no centripetal force. The water 
slips out at a tangent to the circle, just like the melted 
steel wool bits from Figure 12.5. 

Figure 12.6: Washed greens are placed into the perforated bowl of a salad spinner, which is then spun rapidly. 
The plastic part of the bowl provides a centripetal force to keep the salad green moving in a circle. However, if 
a drop of water moving forward finds itself in the position of a perforation, there is no available centripetal 
force, since the perforation, being nothing physical, can provide no centripetal force. The water slips out at a 
tangent to the circle. (Photo by Taylor Forster, Class of 2009.) 

Figure 12.5: A drill spins a burning piece of steel wool in a circle as 
bits of it melt and fly off. Notice that these melted bits fly off at a 
tangent, rather than radially. This is strong evidence for the 
existence of a center-seeking centripetal force and the nonexistence 
of an outward directed centrifugal force. As the steel burns and 
melts, this molten steel no longer has a strong bond with the 
unmelted steel. Without sufficient centripetal force, the molten 
pieces move off in a straight line, pointed in the direction it was 
moving when the force disappeared. (Photo by Ted Myers, Class of 
2014.) 
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CALCULATING CENTRIPETAL FORCE 
 Now think about twirling a ball on a string in a 
circle. The faster you twirl it, the more quickly it 
changes direction and the greater its acceleration. 
Also, if you keep the speed constant, but decrease the 
length of the string, it will also change direction 
faster and cause a greater acceleration. So there are 
two factors that affect the acceleration of a ball 
moving in a circle on the end of the string: its speed 
and its distance from the point of rotation (the length 
of the string). This acceleration is called a centripetal 
acceleration because it causes the ball to “seek the 
center.” It never reaches the center though, because 
of its forward motion. The combination of the inward 
acceleration and the tangential movement gives the 
ball a circular path at constant speed. Its movement is 
at a right angle to the direction of the pull of the 
string so the force doesn’t cause a change in speed, 
only direction. The equation for centripetal 
acceleration accounts for both factors mentioned 
above: 
 

€ 

centripetal  acceleration =
speed 2

distance  to  point  of  rotation
 

⇒ 

€ 

ac =
v 2

r
 

 
Now recall from Newton’s Second Law that 

€ 

F = ma , 
so if you want to know how much force is being 
exerted on the ball by the string, you just have to 
multiply the mass of the ball by its acceleration: 
 

€ 

centripetal  force = mass× centripetal  acceleration  

€ 

Fc = mac  ⇒  

€ 

Fc = m v 2

r
 

 
 Sometimes it might be hard to measure the speed 
of something moving in a circle, but easy to time its 
period of motion. For example, if I asked you to find 
the centripetal acceleration of the Earth as it moves in 
its orbit around the Sun, you would probably ask me 
what the speed of the Earth is with respect to the Sun. 
That’s because the Earth’s orbital speed isn’t 
commonly known by most people. But that’s not true 
about its period. Everyone knows that it takes a year 

for the Earth to complete each full orbit. It’s true that 
you would still have to convert the period of one year 
to some number of seconds, but that’s probably 
quicker than looking up the Earth’s speed. Or, if you 
were at an amusement park and wanted to figure out 
the centripetal force acting on someone who was on 
some sort of rotating ride, you would have to make 
distance and time measurements, and then do a 
calculation to find the speed of the ride. But you 
could find the period of the ride easily and directly 
with a stopwatch.  
 The average speed of anything can be calculated 
by 

€ 

v = d / t . If the motion is circular, a convenient 
distance to travel is one revolution, 

€ 

2πr . The time 
for this distance is just its period, T.  
 
 

€ 

v =
d
t

 ⇒  v =
2πr
T

 

 
 
This means that a substitution of period can be made 
for speed and the equations for centripetal 
acceleration and force can be expressed in terms of 
period instead of speed. 
 
 

€ 

ac =
v 2

r
 ⇒  ac =

2πr
T( )2

r
 

 
 

⇒ 

€ 

ac =
4π 2r
T 2  

 
 

and 
 
 

€ 

Fc = mac  
 
 

⇒ 

€ 

Fc =
4π 2mr
T 2  
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Example 
Imagine twirling a 0.50 kg ball on a 0.80 m long 
string. Let’s say that it moves it in a circle 20 times in 
16 seconds. How much force would you have to apply 
to keep the ball moving in this circle at this rate? 
 
Solution: 
 
 • Identify all givens (explicit and implicit) and 

label with the proper symbol. 
 
 - There mass of the ball is given explicitly:  

m = 0.50 kg 
 - The length of the string is the radius of the 

circle that the ball is moving through. 
 - It takes 16 seconds for 20 revolutions. The 

period is the time for one revolution: 

€ 

T = 16s
20 = 0.80s .  

 
  Be careful with calculations for the period. 

Many people make the mistake of dividing the 
number of revolutions by the time. This gives 
you a frequency of rotation.  Remember that 
period means “period of time,” so the 
calculation must always be total time divided 
by number of revolutions. 

 
 Given: m = 0.50 kg 
    r = 0.80 m 

   T = 0.80 s 
 
 • Determine what you’re trying to find. 
  The problem specifically asks for the force 

that is required to keep the ball moving in the 
circle. Because of the circular motion, the 
force must be a centripetal force. 

 
 Find: Fc  
  
• Do the calculations. 

 

€ 

Fc =
4π 2mr
T 2 =

4π 2 0.50kg( ) 0.80m( )
0.80s( )2

  

 
= 

€ 

24.7  N  
 

 

 

MOTION IN A VERTICAL CIRCLE 
 So far, we’ve only considered motion in a 
horizontal circle. As you move in such a circle, like a 
circular carnival ride that is parallel to the Earth, the 
net force you feel on your body is constant. The 
centripetal force always accelerates you toward the 
center of the circle and the force of gravity always 
pushes you downward. These two constant forces are 
always perpendicular to each other, so throughout the 
ride you always feel the same net force. But get on 
another ride, like the Ferris wheel, that moves you in 
a vertical circle, and the experience at each part of the 
circle is now different. Gravity still always acts 
downward. The centripetal force also still always 
accelerates you toward the center of the circle, but 
now that the circle is vertical, there is a point (at the 
top of the ride) where the centripetal force is directed 
downward and another point (at the bottom of the 
circle) where the centripetal force is directed upward. 
It makes your body feel heavier at the bottom of the 
ride and lighter at the top of the ride.  
 Think about what happens at the bottom of the 
ride. In order for your seat to move in the circular 
path of the ride, there must be a centripetal force 
acting on the seat. This centripetal force comes from 
the metal spokes that make up the structure of the 
Ferris wheel. The Ferris wheel pulls on your seat, 
which pulls up on you. If you weren’t moving, the 
seat would just have to support your weight, mg. But 
when you’re moving, the seat has to apply an 
additional centripetal force in order to move you in 
the circle, so you feel heavier.  
 Now think about what happens at the top of the 
ride. At the top of the ride when the Ferris wheel 
pulls on your seat, your seat pulls away from you. It’s 
no longer the bottom of the seat that is the agent of 
centripetal force. Now it’s the force of gravity. The 
metal spokes of the Ferris wheel pull on the seat, 
accelerating it toward the center of the ride and your 
weight, mg, pulls on you, accelerating you toward the 
center of the ride. Since the seat is accelerating away 
from you, you feel lighter. Now recall that the higher 
the speed of something moving in a circle, the higher 
its centripetal acceleration. So it’s reasonable to 
expect that the speed of the Ferris wheel could be 
great enough that the centripetal acceleration of the 
seat reaches 9.8 m/s2 toward the center of the ride. 
This, of course, is also the acceleration due to gravity 
on your body. So if you sat on a scale, it would read 
zero – you’d be weightless. The seat would be 
providing no support to your body since it is 
accelerating downward at the same rate as your body. 
If the ride went any faster, you’d need a seatbelt or 
harness to provide extra centripetal force in order to 
keep you in contact with the seat.  
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 Now let’s look at the forces more rigorously. At 
both the top and the bottom of the ride there are two 
forces acting on you: the force of gravity, acting 
downward, and the force of the seat supporting you, 
acting upward. The net force causes you to accelerate 
in the circular path of the ride. From Newton’s 
Second Law we have 

€ 

a = Fnet
m . Let’s call the force 

that the seat applies at the top and bottom of the ride 
FT

  and FB (See Figure 12.7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 This is the situation at the bottom: 
 

€ 

a = Fnet
m  ⇒  v

2

r = FB −mg
m  ⇒  FB = mg + mv 2

r  
 

€ 

FB = m g + v 2
r( )  

 

Notice that this force applied by the seat grows with 
the speed of the ride and is always greater than your 
weight – you always feel heavier here. 
 This is the situation at the top: 
 

€ 

a = Fnet
m  ⇒  − v 2

r = FT −mg
m  ⇒  FT = mg − mv 2

r  
 

€ 

FT = m g − v 2
r( )  

 
Notice that it’s the opposite at the top. As the speed 
of the ride increases, the force applied by the seat 
decreases – you always feel lighter here. And, you 
actually become weightless when 

€ 

v 2
r ≥ g ! If the 

speed of the ride were too fast, and you weren’t 
strapped to the seat, you would float away. 
 Figure 12.8 illustrates this phenomenon from the 
perspective of moving at the top of the vertical circle, 
but supported from within the circle.  
 

€ 

a = Fnet
m  ⇒  − v 2

r = −FT −mg
m  ⇒  FT = mv 2

r −mg  
 
 In this case, the centripetal force comes partly 
from the weight of the object and partly from the 
inside of the track. Recall that the slower the speed of 
an object, the less centripetal force is needed to move 
that object in a circle. The interesting thing here is 
that there is a point at which the speed can be so slow 
that the centripetal force required is less than the 
weight of the object. However, you can’t change the 
weight of the object, so the net force on the object 
could be negative at the top of the circle. So if the 
object were not strapped in, it would fall away from 
the circle at that point. 

FT 

FB 

mg 

mg a 

a 

Figure 12.7: Forces and accelerations acting on the 
rider of a Ferris wheel. 

Figure 12.8: This photo (taken by Richard 
Fineman, Class of 2009) shows the case of 
the vertical circle when the support is 
from within the circle. There are speeds 
that the car can move at that require less 
centripetal force than the weight of the 
car. At these slow speeds, the force 
provided by the weight is too great and the 
car falls away from the track. 

FT 
mg 

a 
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GRAVITY 
 

HAT GOES UP must come 
down. Not true! If you throw 
something up with a high 
enough speed, it will never 
come down. This speed is 
known as the escape velocity. If 

you throw something slowly up from the Earth, it 
comes back down. If you throw it faster, it goes 
higher. But, if you keep throwing it faster and faster, 
the increasingly greater height leads to a lower and 
lower effect of gravity acting on the object. The 
acceleration due to gravity is only 9.8 m/s2 close to 
the surface of the Earth. The further you get above its 
surface, the lower “g” gets. So if you throw 
something at or above escape velocity, the force of 
gravity decreases quickly enough that the object is 
never slowed to a stop. The escape velocity on the 
Earth is about 7 miles per second, or 25,000 mph. 
 Most people believe that gravity is something 
that planets and moons and stars and galaxies 
produce. The truth is that anything that has mass 
attracts everything else that has mass, no matter what 
the distance. But the mass has to be really … no, 
really large for the force of gravity to be noticeable. 
That’s why you don’t have any trouble walking a 
straight line past a line of heavy automobiles – their 
seemingly large masses are really quite small on a 
gravitational scale. Nonetheless, when you reach 
down to pick up a dropped coin, the movement of 
your mass has an effect on the most distant masses in 
the most distant galaxies in the Cosmos. 

 
 
 
 
 
 
 
 

FINDING A MODEL FOR GRAVITY 
 Aristotle’s universe was one explained more by 
reason than by observation. His was an 
anthropocentric universe (Figure 12.10). All heavenly 
bodies moved in spheres centered on the Earth. The 
stars all moved in one sphere, the known planets 
(Mercury, Venus, Mars, Jupiter, and Saturn) each in 
their own spheres, and the Sun and Moon in their 
own spheres. So gravity, in Aristotle’s view, was no 
more than the inclination of all things to be at their 
natural place in the universe … at its center … at the 
center of the Earth. His model, as strange as it seems 
now, WORKED. Every known object obeyed that 
law and tried to get to the center of the Earth. But 
models in physics are discarded as new evidence 
suggests the construction of a new model.  
 In 1543, Nicolaus Copernicus (Figure 12.11), a 
Polish astronomer, noted that it was impossible for 
the five planets to be revolving about the Earth 
because, among other reasons, they didn’t stay the 
same distance from the Earth. The motion of the 
planets, he said, could be much better explained by 
assuming that they (and the Earth!) revolved around 
the Sun. It was an incredibly bold statement to deny 
the centuries-old belief that the Earth was the center 

W 

Figure 12.9: The gravitational force acting 
between the Earth and the water in the water 
tower pulls down on the raised water, providing 
water pressure without a pump. 

Fixed stars 
Saturn 
Jupiter 
Mars 
Sun 

Venus 
Mercury 
Moon 

Earth 

Figure 12.10: Aristotle’s “anthropocentric” universe 
explained that gravity was the attempt by all things to 
gravitate toward the center of the universe – the center 
of the Earth. In his model, the Moon, the five known 
planets, the Sun, and the “fixed” stars all moved in 
spheres centered on the Earth. 
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of the universe. It was a rebuff of Aristotle and … it 
didn’t make sense. Think about it. Why do you 
believe the Earth revolves around the Sun? You 
believe it because that’s what you’ve been told. It 
defies reason though. We don’t feel the Earth moving 
and we don’t see things flying off it because of its 
high speed. And … we see the Sun moving across the 
sky every day. Copernicus’ proposal was laughable 
to most everyone. His brave suggestion, based on 
observation alone was, in my opinion, brilliant and 
heroic. Copernicus’ idea was argued philosophically 
for decades until Tycho Brahe, a Danish astronomer, 
set out to prove Copernicus wrong.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Tycho (pronounced “Tee-koe”), born into 
nobility, was an extraordinary experimenter. He was 
also short-tempered and this temper led to the loss of 
part of his nose in college during a duel with a fellow 
student. Throughout his adult life, a metal nose insert 
served as a reminder of the event. As a budding 
astronomer, he had two problems with the 
Copernican universe. For one thing, he believed that 
the Sun could not be at the center of the universe 
because of his belief in Aristotle’s view of gravity as 
the inclination of things to migrate to the center of 
the universe. Heavy things on the Earth obviously 
migrated to the Earth and not the Sun. His other 
problem was that predictions of astronomical events 
based on the Copernican model … didn’t work. A 
conjunction of the planets Jupiter and Saturn, 
predicted for a date in 1563, was off by two days. For 
Tycho, it was unacceptable. So, with the help of a 

generous endowment from the King Fredrick II of 
Denmark, he built two observatories. The telescope 
had yet to be invented, but the instruments he built 
for the observatories were capable of making 
measurements accurate to one minute of arc (that’s 

€ 
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th of a degree)! Try measuring an angle with that 
kind of accuracy. He spent 20 years making 
incredibly accurate measurements of the motions of 
the planets and stars in his attempt to refute 
Copernicus. He should have been converted, but he 
just couldn’t give up Aristotle’s anthropocentric 
theory. He kind of compromised in the end and 
proposed a model for a system in which the Sun and 
the Moon revolved directly around the Earth in 
perfect circles, but the planets revolved around the 
Sun (Figure 12.12). It solved the problem of the 
planets appearing at different distances from the 
Earth and it placed the Earth back at the center of the 
universe. But it wasn’t absolutely true to the 
observations and within a generation, Copernicus 
would be vindicated.  

Figure 12.12: Tycho Brahe’s compromise between 
the Aristotelian and Copernican theories of the 
cosmos was to have the Sun and the Moon revolve 
directly around the Earth in perfect circles, but 
have the planets revolve around the Sun. It solved 
the problem of the planets appearing at different 
distances from the Earth and it placed the Earth 
back at the center of the universe. 

Figure 12.11: A Hungarian stamp honors 
Nicholaus Copernicus and his Sun-centered 
universe. He proposed that since the five planets 
did not stay the same distance from the Earth as 
they went through their orbits, it was impossible 
for them to be revolving about the Earth. The 
motion of the planets, he said, could be much 
better explained by assuming they (and the 
Earth!) revolved around the Sun. 
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 Tycho was a great experimenter, but apparently 
lacked the brilliance or time to make sense of his 
copious measurements. Or perhaps he was blinded by 
his inaccurate beliefs about the way the world must 
be, and just refused to accept what the data gave 
evidence to. But in 1600 he met the man who was up 
to the task of bringing together two decades of data 
into a model that was true to the 20 years of 
observations. The man was Johannes Kepler. Only 
29 when he met Brahe, (who was 53 at the time) he 
coveted Brahe’s data. It’s not clear whether he was 
incapable of making measurements with the same 
degree of accuracy or whether he just didn’t want to 
spend the time, but Kepler’s eagerness to acquire the 
data made Brahe suspicious. Nevertheless, without 
Kepler’s theoretical abilities, the data was useless. So 
the two had a difficult relationship, both meeting 
each other’s needs … but wishing they didn’t need 
the other. Well, as the story goes, Brahe was the 
guest at a very important dinner with very prominent 
members of the royal community. He “pounded a few 
too many pints” and soon had to go to the bathroom – 
badly. But it would be rude to leave the table, so he 
waited in unabated agony for the acceptable time to 
leave. But it didn’t come … well, not until he had 
passed out. He died shortly after, some say from a 
burst bladder, others say from uremia. One dinner 
party had taken out history’s greatest naked eye 
astronomer, leaving a treasure of data for Johannes 
Kepler. He got to the data just in time too – members 
of Brahe’s family, who felt they were the rightful 
heirs, sought in vain to get their hands on the vast 
record of planetary motion. Just as well if you ask 
me. Kepler turned out to definitely be “worth his 
salt.” It took about a decade, but with the data in hand 
he developed his Three Laws of Planetary Motion: 
 

 
Kepler’s Laws of 
Planetary Motion 

 

1. Each planet moves around the Sun in 
an elliptical orbit with the Sun at one 
focus of the ellipse. 

 

2. The line from the Sun to any planet 
sweeps out equal areas of space in 
equal time intervals. 

 

3. The squares of the periods of the 
planets are proportional to the cubes 
of their average distances from the 
Sun.  

 

 For Kepler, the development of his laws of 
planetary motion was far more than just making 
mathematical sense of the data. It was also about 
giving up preconceived notions. When Kepler studied 
the orbit of Mars, he found that it was 8 minutes of 
arc off being circular. It was believed from 
Aristotle’s time that all orbits were perfectly circular. 
This was the divinely adopted path for heavenly 
bodies. No one questioned that – not even Kepler. 
But here was evidence for the elliptical path of Mars’ 
orbit. What was especially troubling was that while 
one focus of the ellipse was at the Sun, the other was 
just out in space. This imperfection was unthinkable. 
God would never design a system so flawed. But 
Kepler’s God was bigger than that – bigger than any 
preconceived notion about how the universe was 
engineered. To Kepler, God was good enough to 
offer an observable glimpse now and then about how 
the divine architect conducted business. And so, 
discarding the idea that was a cornerstone of science 
for millennia, Kepler was free to fully lay the 
foundation from which Isaac Newton built his 
Universal Law of Gravity. (I should note here that 
Kepler was still not pleased with the idea of ellipses, 
referring to them as “a cartload of dung.”) 
 Tycho Brahe was not alone. Many, many good 
scientists have had their progress paralyzed by too 
thoroughly embracing something they believe must 
be true. Einstein never fully accepted quantum 
mechanics, believing that “God doesn’t play dice 
with the universe.” Many were critical of Louis 
DeBroglie’s proposal that particles could have wave-
like properties. The lesson of Brahe and Kepler is 
that when the physical evidence disproves what he 
believes by faith, the scientist must defer to what is 
measured. That is what science is all about – making 
sense of the observable. If it is unobservable, faith is 
indisputable, but the observable world is under the 
reign of objective science. 

THE UNIVERSAL LAW OF GRAVITY 
 The story isn’t over though. Isaac Newton used 
the Laws of Planetary Motion to begin probing the 
nature of gravity. He realized that a force must have 
been acting on the planets because of their curved 
paths. From Kepler’s Laws he decided that the Sun 
was providing the force and that the force diminished 
in proportion to the square of the distance from the 
Sun. His real breakthrough though came when he 
connected the force causing an apple to fall to the 
ground with the force causing the Moon to revolve 
around the Earth. His measurements of the Moon’s 
motion checked. The Moon was “falling” as it 
revolved around the Earth with the same freefall 
acceleration that an apple would have if it were 
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released from rest at the Moon’s altitude. This led to 
the Universal Law of Gravitation. 
  

 
Isaac Newton’s Universal 

Law of Gravitation 
 

“Between any two masses there 
exists an attractive force of gravity 
that is proportional to the product 
of the masses and inversely 
proportional to the square of the 
distance between their centers.” 
 

 
The statement of the Universal Law of Gravitation 
can be expressed as: 

€ 

F ∝ m1m2
d 2

 

or, as an equation:  

€ 

F =
Gm1m2
d 2

 

 
 This means there exists a gravitational force 
between any and every two masses in the universe. If 
one of the masses is doubled, the gravitational force 
between them doubles, and if the distance between 
the masses doubles, then the gravitational force 
decreases by a factor of four. So why do we only feel 
the gravitational force from the Earth? The reason is 
that the gravitational force is incredibly small. So 
small, in fact, that it only becomes noticeable when 
one or both of the masses are very large (and 
reasonably close to each other).  
 Newton, unfortunately, was never able to use his 
famous proportionality as a true equation. He went to 
his grave never having been able to calculate the 
constant of proportionality – his gravitational 
constant, G. You may wonder what the problem was 
that kept the man who many believe was the greatest 
physicist of all time from being able to make this 
calculation. Here is the problem: For Newton to 
calculate this constant he would have to rearrange his 
equation like this: 
 

€ 

G =
Fd 2

m1m2
 

 
Then measurements for each of the variables would 
need to be made. For the masses, he could have used 
two heavy lead balls, with masses equal to say 20 kg 

each. Measuring these masses would have been 
simple for him, as would measuring the distance 
between their centers. The problem was in measuring 
the gravitational force between them. They don’t tug 
on each other very much – not even measurably, at 
least not for Newton. So, he never got to use his 
equation, only the proportionality that preceded it. 

MEASURING “G” 
 Newton died in 1727. Four years later Henry 
Cavendish was born. He was a strange one. He was a 
brilliant physicist and chemist, but was so shy (with 
women especially) that he couldn’t even speak with 
his female servants. Each day he would leave a note 
for his cook, telling her what he wanted for dinner so 
that he would not have to speak with her directly. But 
he was great in the lab. He was up to the task of 
finding the gravitational constant. Most physics 
historians give him full credit, but he actually didn’t 
create the apparatus used to make the measurements. 
The apparatus (Figure 12.13) was actually invented 
by a geologist named John Michell, a friend of 
Cavendish. But he died before he could use it to 
calculate G. By the time Cavendish acquired it, he 
had to rebuild it a bit and make some minor 
modifications, but he always gave credit to Michell 
for the concept. The apparatus consisted of a 40-inch-
long torsional (twisting) pendulum that supported a 
six-foot long wooden arm with two-inch diameter 
lead balls on the ends. Outside a wooden case that the 
pendulum was in were two eight-inch diameter 
stationary lead balls. These would cause a small 
gravitational force that twisted the pendulum very 
slightly. But Cavendish was able to measure the 
slight twist and by having a calibration for how much 
force would cause a given twist, he was able to 
calculate the force of gravity between the two pairs of 
lead balls. His value for G is only 1% different from 
the currently accepted value of: 
 

€ 

   G = 6.67×10−11 N •m2

kg 2     

 
 It was an amazing feat for Cavendish. Looking at 
the value of this number gives some understanding 
for how small the force of gravity truly is. As I sit in 
front of my computer monitor, I am aware that there 
is an attractive force between this monitor and me. Its 
mass mc is about 20 kg and my mass mme is about  
80 kg. My center of mass is about half a meter from 
the center of mass of the computer. So the 
gravitational force between us is: 
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= 4 ×10−7N  
 

This is only 4 ten-millionths of a Newton. If you 
recall that a Newton is about a quarter pound, you 
can visualize this small force by imagining a trip to 
McDonalds and buying a Quarter Pounder. Imagine 
cutting it into 1,000 pieces with a VERY sharp knife. 
Now just keep one of those extremely small pieces 
and discard the rest. Then cut the remaining 
hamburger crumb into a thousand pieces. Again, 
discard all but one. Finally, take the microscopic 
trace of hamburger and hold it in your hand. There is 
not a chance that you could detect its weight on your 
hand, but if you could, you would be feeling about 
double the gravitational force that exists between me 
and my computer. No wonder you can navigate your 
world without worrying about the effects of 
gravitational force from cars, buildings, and people 
perturbing your motion. It’s just not an issue, unless 
you’re talking about really big masses like planets. 

Figure 12.13: John Michell’s apparatus used by 
Henry Cavendish to experimentally measure the 
gravitational constant G. The apparatus consisted of 
a 40-inch long torsional (twisting) pendulum that 
supported a six-foot long wooden arm with two-inch 
diameter lead balls on the ends. Outside a wooden 
case that the pendulum was in were two eight-inch 
diameter stationary lead balls. These would cause a 
small gravitational force that twisted the pendulum 
very slightly. But Cavendish was able to measure the 
slight twist and by having a calibration for how 
much force would cause a given twist, he was able to 
calculate the force of gravity between the two pairs of 
lead balls.      (From the Journal of Measurement and Technology)  

His servants thought him strange, and his 
neighbours deemed him out of his mind.” 
 -- Lord Brougham, British author. 
 

 Henry Cavendish was a bizarre man but a 
first-class scientist. He had a fear of women and 
he rarely talked to the public or other scientists. 
He left Cambridge University without a degree 
and spent most of his life secluded in his lab in 
the countryside.  
 He conducted experiments in many fields of 
physics. In his investigation of capacitance, he 
measured the strength of a current by shocking 
himself and quantifying how much it hurt.   
 With a little help from Newton’s 
investigation into a gravitational constant (G), 
Cavendish was the first person to determine G 
experimentally. Using G, he accurately calculated 
the density and then weight of the earth: 5.98 x 
1022 metric tons.  
 In the process of discovering nitric acid, 
Cavendish discovered a new inert gas, but he 
didn’t know its significance. One hundred years 
later Sir William Ramsey called the gas argon. 
 Possibly Cavendish’s most famous work was 
done on the composition of water. He forced a 
reaction between what he called “inflammable 
air” (now hydrogen) and “dephlogisticated air” 
(now oxygen) and the product was water. He 
determined the optimal ratio between hydrogen 
and oxygen to be 2:1. 
 
(Biography by Alex Altman, Class of 2005) 

Henry Cavendish (1731-1810) 
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HOW MUCH DOES THE EARTH 
WEIGH? 
 One of the things that knowing G allows you to 
do is to make a measurement of the mass of the 
Earth. (Actually, this is why Cavendish determined 
G. He wanted to find the density of the Earth and 
needed G to find its mass.) Imagine two masses: the 
Earth and some object on the Earth’s surface. They 
attract each other and the gravitational force between 
them is the weight of the object on the Earth’s 
surface. Now this mass, m, has a weight of mg. So the 
gravitational equation can be written: 
 

F|| = F cosθ

€ 

mg =
GMearthm
R2

earth
 ⇒  g =

GMearth

R2
earth

. 

 
Even though the object is on the Earth’s surface, the 
distance in the gravitational equation is measured 
from center of mass to center of mass, so it is 
essentially the radius of the Earth. The radius of the 
Earth had been measured long before Cavendish 
(Eratosthenes had measured it pretty accurately back 
in 250 B.C. by comparing the Sun’s shadows in wells 
of different cities). The value for the radius of the 
Earth is: 
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   Rearth = 6.37×106m     

 
This made it easy to find the mass of the Earth: 
 

€ 

Mearth =
gR2earth
G

=
9.8 m

s2
" 

# 
$ 

% 

& 
' 6.37×106m( )2
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   Mearth = 5.96×1024 kg     

 
 That’s a huge mass, but what does the Earth ... 
weigh? Well weight is something very different from 
mass. Mass is an amount of matter, but you 
understand now that weight is simply the force of 
gravitational attraction between something and the 
Earth. But how can the Earth have a weight? The 
confusion comes in thinking of our weight as 
something very personal and exclusive to us. But it’s 
not! It’s a mutual thing between the Earth and us. So 
when I say “I weigh 180 pounds,” it would be more 
complete to say, “The force of gravity between the 

Earth and me is 180 pounds.” The Earth pulls on me 
with 180 pounds of force, but I pull back with the 
same 180 pounds. So if the force of gravity between 
the Earth and me is 180 pounds, it means that the 
Earth also weighs 180 pounds. Hard to accept? It’s 
just because of the way you’re used to thinking about 
the concept of weight. If you want to know 
someone’s weight without being rude, all you have to 
do is ask, “From your perspective, how much does 
the Earth weigh?” Problem is ... it’ll only work with 
physicists. 

BUT WHAT CAUSES GRAVITY? 
 With all the success Newton had in discovering 
his Universal Law of Gravity, he was still frustrated. 
Even though his work resulted in a description of the 
nature of gravity that was so precise and accurate that 
NASA could use it to land astronauts on the Moon, 
Newton was troubled over the fact that he didn’t 
know what caused gravity. Action at a distance was a 
very mysterious idea.  
 Over two centuries passed before headway was 
made. But, in 1916, Albert Einstein’s General Theory 
of Relativity not only improved on the predictions of 
Newton’s gravity, but also explained its origin. In 
Einstein’s Theory of Gravity, massive objects don’t 
directly exert a gravitational force, but rather, change 
the geometry of space (Figure 12.14). One way to 
visualize this is to think about a very taut trampoline 
as a two-dimensional space. If you were to roll a 
marble across the trampoline, it would roll straight 
across. However, now consider placing a heavy 
bowling ball in the center of the trampoline. Its mass 
would cause the trampoline to stretch – the mass 
would cause a distortion of the “space” and affect the 
motion of the marble. Now if you rolled a marble 
across the trampoline, its path would curve. The 
curved space, caused by the mass of the bowling ball, 
would apply a “force” on the marble that would 
attract it to the bowling ball. 

Figure 12.14: Einstein explained gravity not as 
masses exerting forces on each other, but rather as 
masses changing the geometry of space – that is, 
curving space. 
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 Einstein’s gravity not only affects masses, but 
also light. Even though light does not have mass, the 
curvature of space caused by large masses alters the 
otherwise straight path of a ray of light – or so 
Einstein claimed. The ultimate test of this theory was 
to observe this bending of light. It happened during a 
solar eclipse on May 29, 1919, when astronomers 

were able to look at the light from stars that were 
positioned very close to the Sun’s surface (Figure 
12.15). Observations confirmed that that the positions 
of certain stars were shifted an amount exactly 
predicted by Einstein’s General Theory of Relativity. 
This triumph propelled Einstein to a superstardom 
rarely experienced by physicists.  

 

Figure 12.15: A page from the May 1919 issue of Popular Science Monthly, explains how an upcoming solar 
eclipse could verify Einstein’s idea of gravity as a curving of space. 
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SATELLITE MOTION 
 

T WAS A dark day for America on October 4, 
1957. There was a victory in the Cold War, 
one that the United States had hoped for, had 
anticipated, had needed. But the spoils of war 
went to the Soviet Union instead. Within the 
world community, they celebrated a first in 

the history of the universe. The Russians had 
launched Sputnik 1 (Figure 12.16), the first artificial 
satellite. The Americans responded with their first 
satellite, Explorer I, launching it a few months later 
on January 31, 1958. 

HOW TO LAUNCH A SATELLITE 
 All the Soviet Union had to do to beat the 
Americans was to throw Sputnik really hard … so 
that it would go really fast. Imagine standing on a 

very tall building and throwing a ball horizontally. It 
would begin freefalling, follow a parabolic path, and 
then strike the Earth somewhere out in front of the 
building. If you threw the ball harder, the same thing 
would happen except that the ball would land farther 
from the building. But, if you threw the ball with a 
speed of 8,000 m/s, something very curious would 
happen. To understand what would happen, imagine 
having a plank that was 8,000 m long, but very rigid, 
so that it would not follow the Earth’s curvature. If 
one end of the plank were anchored to the Earth and 
you walked to the other end, you’d find that, because 
of the Earth’s curvature, you would be 4.9 m above 
the Earth’s surface. Now think about the ball 
projected horizontally from the building at 8,000 m/s. 
In one second, it will move forward 8,000 m and 
freefall 4.9 m. But in that 8,000 m of horizontal 
travel, the Earth has also curved down 4.9 m and the 
ball is no closer to the Earth! It’s freefalling, but not 
getting any closer to the Earth. And as long as the 
speed doesn’t change, it will freefall forever around 
the Earth – just as the Moon does around the Earth 
and the Earth does around the Sun. Yes, the Moon is 
freefalling into the Earth and the Earth is freefalling 
into the Sun. So the Russians just threw their satellite 
fast enough before we did. 

I 

Figure 12.16: Sputnik 1, the world’s first artificial 
satellite, was launched by the USSR on October 4, 
1957. This decisive victory in the Cold War 
surprised and embarrassed the Americans into 
being driven to achieve the same feat. They did so 
three months later on January 31, 1958 with the 
launch of Explorer I. But it was Newton’s 
apolitical Law of Gravitation that gave the 
scientists on both sides the rules to guide their 
quests. 

8,000 m/s 

Figure 12.17: An object projected horizontally from 
a building will freefall to the ground. If it is 
projected at 8,000 m/s, it will fall toward the Earth 
at the same rate that the Earth curves away from it. 
Therefore, it will get no closer to the Earth and will 
become a satellite. 
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THE PHYSICS OF SATELLITE MOTION 
 At this point you probably recognize that 
satellite motion is uniform circular motion. Recall 
that uniform circular motion is the result of a 
centripetal force. The agent of centripetal force in this 
case is gravity. So, the centripetal force acting on the 
satellite is the gravitational force between the Earth 
and the satellite: 
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ME is the mass of the Earth and r is the distance from 
the center of the Earth to the satellite. Notice that the 
mass of the satellite cancels out. It is not a factor in 
the motion of the satellite. So the speed of the 
satellite: 
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GME
r

    

 
It is also possible to look at the satellite’s motion 
from the perspective of its period: 
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IMPORTANT: Although the period in this equation 
is typically on the order of days, months or years, it 
will always be given in seconds. Of course, this also 
means that any given periods must be converted to 
seconds before being used in the equation. 
 
 These two equations describe satellite motion 
around the Earth, but can easily be generalized to 

satellite motion around any planet by changing ME to 
be the mass of that planet. 

WEIGHTLESS ASTRONAUTS 
 Ask most people why it is that the astronauts 
appear weightless on the space shuttle and they will 
tell you that it’s because they are so far from the 
Earth that they are beyond the pull of the Earth’s 
gravity. Let’s see if that’s true. The International 
Space Station (ISS) orbits at about 380 km. Let’s 
calculate the force of gravity acting on a 70 kg 
astronaut living on the ISS. 
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Now let’s calculate what the same astronaut would 
weigh on the Earth:  
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This astronaut on the ISS still has almost 80% of his 
Earth-bound weight so he is obviously far from 
beyond the pull of gravity. The reason for his 
weightlessness is that he is freefalling, along with the 
satellite in which he is traveling. The sensation is the 
same as if he were in an elevator at the top of a tall 
building when the elevator cable snapped. If he had 
been standing on a scale, the reading would go from 
685 N to zero because there would be nothing to 
support the scale against his feet. He would be 
weightless for the duration of the freefall.  
 Figure 12.18 illustrates this idea of 
weightlessness with a water bottle. The bottle is 
perforated with holes to allow water to flow out of 
the bottle. And it does … when the bottle is 
supported. The weight of the water in the supported 
bottle causes the water to apply a force to its sides, 
which leads to the flow of the water through the 
perforations. However, when both the bottle and its 
water are freefalling, there is no force from the bottle 
to act upward on the water, so it stays in the bottle, 
even with the perforations present. 
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 Most people miss something interesting at this 
point. There is a certain feeling you have when 
you’re freefalling. You’ve felt it if you’ve been on 
one of those amusement park rides where you freefall 
from 30 stories or so for a few seconds. During the 
fall, there are three things you experience: the 
screams of the people around you, the rushing of air 
past you, and the feeling that your stomach is up in 
your throat. The astronauts don’t hear screams (well, 
hopefully not) and no air rushes past them. But the 
third thing, the stomach in the throat, they can’t get 

rid of that. It’s a consequence of freefalling. Can you 
imagine having that feeling for the duration of a 
space shuttle flight? You would feel it when you’re 
eating, doing experiments, and even when you’re 
sleeping (or trying to get to sleep) – that endless 
feeling of falling, because … you would be. 
 If you think the concept of freefalling satellites is 
unusual, consider the issue of synchronous orbit 
satellites. TV satellite dishes are pointed at these 
ones. They have to be motionless for the satellite dish 
to focus on them without scanning the sky. They 
aren’t, of course, “motionless.” They simply have the 
same orbital period as the Earth (24 hours), so they 
appear to hover motionless over the Earth. However, 
these satellites are actually hurtling toward the Earth, 
in a state of unrestricted freefall! 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
SPACE JUNK 
 On February 10, 2009, two satellites (one owned 
by a U.S. company and the other a decommissioned 
Russian satellite) collided while moving at over 
26,000 mph, 400 miles above Siberia. The impact 
was so horrific that more than 1,000 pieces of debris 
were scattered. Figure 12.20 shows the original paths 
of the satellites as well as the debris paths as of 
December 23, 2009. The collision added to a growing 
hazard for future and current satellites – space junk. 
A piece of space debris as small as 1-cm in diameter 
and moving at orbital speed can cause major damage 
to satellites. We can track pieces as small as 10-cm 

Figure 12.19: Evan Thomas, Tam High graduate 
and former NASA engineer, is pictured here 
riding the “Vomit Comet.” This plane flies 
repeatedly in parabolic paths, in order to create a 
state of weightlessness. During the upward part of 
the parabola, the occupants feel twice their 
weight. On the downward part, they are 
weightless. Throughout the 25-second descent of 
each parabola, the weightless occupants never 
lose that sense that they are falling, because … 
they are! 

Figure 12.18: The water bottle shown here is 
perforated with holes to allow water to flow out 
of the bottle. When the bottle is supported by a 
cord (top photo), the weight of the water in the 
bottle causes the water to apply a force to its 
sides, which leads to the flow of the water 
through the perforations. However, when both 
the bottle and its water are freefalling (bottom 
photo), there is no force applied to the bottle to 
act upward on the water, so it stays in the bottle, 
even with the perforations present. (Photo by 
Angelo Lyons-Labate, Class of 2009.) 
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and we know of over 18,000 that are at least that size. 
The agency that monitors satellites and debris can be 
found at http://celestrak.com. They warn when there 
is a likely collision, but interestingly did not warn 
about the February 10, 2009 collision, predicting that 
the two would miss by 584-m (it’s obviously not an 
“exact science”).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 It’s unlikely that many people considered the 
future of space junk in the early days of launching 
satellites. Space is a very, very big place and the 
pioneering launchers of satellites had no idea that 
they would one day be so ubiquitous. But now, over 
half a century since the launch of Sputnik 1, space 
has gotten much smaller. Satellites don’t need 
anything to stay in orbit. So used up rocket stages, 
dead satellites, discarded tools, and chunks of matter 
from explosions and collisions all continue to collect 
as they orbit around the Earth, posing a hazard for 
present and future space vehicles and tools. It’s true 
that all these pieces of debris encounter some 
resistance and will fall to lower orbits and eventually 
burn up in the lower, denser portions of the 
atmosphere, but many are high enough that they will 
orbit for tens, hundreds, and even thousands of years.  

DARK MATTER 
 Remember, with satellites the big idea is that the 
centripetal force causing their motion comes from the 
gravitational force between the satellite and the heavy 
object it is orbiting. On the previous page I showed 
how to combine the centripetal force and the 
gravitational force to find the speed of a satellite at 
any altitude. Now I want to do something similar, but 
the goal this time is to use information about the 
satellite to find the mass of the planet it is orbiting. 
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Remember, ME is the mass of the Earth and r is the 
distance from the center of the Earth to the satellite. 
Notice again that the mass of the satellite cancels out. 
This means that the mass of the Earth: 
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 This equation shows that the faster the orbital 
speed of a satellite is, the more massive the object it 
is orbiting. And, although the equation is specified in 
terms of the Earth, it can really be used in any 
satellite situation. So, because the Earth is a satellite 
of the Sun, we could use the Earth’s rotational speed 
and radius of rotation to find the mass of the Sun 
(which is how we know the mass of the Sun). And, 
the Sun is a satellite of the Milky Way galaxy. So, if 
we had known the speed of the Sun in its orbit and 
how far it was from the galactic center, we could 
calculate the mass of the entire galaxy! Wow! 
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Here v represents the orbital speed of a star in a 
galaxy, r is the orbital radius of the star and Mgalaxy is 
the mass of the galaxy within the star’s orbit. So to 
find the mass of the entire galaxy, the observed star 
must be near the edge of the galaxy. 
 This is one of the techniques used to measure the 
masses of distant galaxies. It is a straightforward 
procedure to measure how far away a galaxy is, as 
well as its diameter, and the rotational speed of its 
stars. So astronomers can use the equation above to 
easily measure the mass of galaxies. It’s not the only 
method though. Another technique is to look at the 
brightness of a galaxy. By comparing the distance of 
the galaxy from Earth and its apparent brightness, we 
can calculate its actual brightness. The actual 
brightness can then be converted to the number of 
Sun-sized stars that must be in the galaxy. Finally, 
the number of Sun-sized stars can be multiplied by 
the mass of the Sun to get the mass of the galaxy. 
 Back in 1967, an astronomer named Vera Rubin 
was using both mass calculation methods to find the 
mass of the Andromeda galaxy. The orbital speeds 

Figure 12.20: The orbital paths for a decommissioned 
Russian satellite and one owned by a U.S. company are 
shown on the left. The two collided 400 miles above 
Siberia while moving at over 26,000 mph. The Google 
Earth image on the right shows the debris path on 
December 23, 2009. This “space junk” poses a hazard 
for present and future space vehicles and tools. 
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were much too high for the brightness of the galaxy. 
She had to conclude that there was undetectable dark 
matter in the galaxy. As astronomers have 
investigated other galaxies, the same phenomenon 
has been repeatedly observed. Most of the mass in 
any galaxy consists of this so-called dark matter. 
Indeed, over 90% of the universe appears to consist 
of a type of matter that we not only know nothing 
about, but we cannot even observe directly. It doesn’t 
give off or reflect light at any wavelength in the 
electromagnetic spectrum. It is one of the most 
interesting and vexing mysteries in theoretical 
physics today. 
 Dark matter has another interesting property. Its 
distribution isn’t like ordinary matter. Recall the 
equation for the speed of a satellite is: 
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There is an inverse relationship between the orbital 
radius of a satellite and its orbital speed. This means 
that more distant satellites move slower than less 
distant ones. Indeed, in our Solar System, the farthest 
planets from the Sun move the slowest. This, of 
course, assumes that the mass that is being orbited is 
fairly dense and compact, so that greater and greater 
sized orbits continue to have the same central mass 
constraining the satellite – as is the case of our Sun 
and its orbiting planets. This is what would be 
expected for the most part in galaxies as well. Even 
though there isn’t a single massive object that the 
stars orbit, the density of a galaxy like Andromeda 
appears to have its mass concentrated at its center. 
So, if you graphed an Andromeda star’s orbital speed 
vs. distance, you would expect to find something 
looking like Figure 12.21. 
 However, distant stars in Andromeda don’t 
revolve more slowly than the ones closer to the center 
of the galaxy. The speeds stay the same (Figure 
12.22)! The only explanation for this is that there is 
an abundance of undetected dark matter, and that it 
does not concentrate at the center of the galaxy. It 
permeates the galaxy and other measurements show 
that it extends far beyond the normal matter (Figure 
12.23). 

 
 
 
 
 
 
 
 
 
 

Vera Cooper Rubin (1928-Present) 
 Perhaps that elusive quality which 
distinguishes the successful from the 
unsuccessful is the capacity to transcend failure 
and discouragement; if so, Vera Rubin is a 
worthy example. When she applied for graduate 
school, Princeton University sent her a letter 
back stating, “No women permitted;” and in 
1951, when Rubin presented her Master’s thesis 
to the American Astronomical Society, 
proposing that galaxies could be rotating around 
an unknown center rather than expanding 
outward as the Big Bang Theory (which was 
popular at the time) argued, the Society turned 
her away and her ideas earned disrepute.   
 Nonetheless, Rubin’s diligent study allowed 
her to make important and controversial 
discoveries in the last century.  She launched 
work on the galaxy rotational problem, which 
assesses the discrepancy between the predicted 
and observed angular motion of galaxies.  
Rubin’s work discovered that stars towards the 
edges of galaxies travel as fast as stars 
positioned at the center, which was unexpected.  
Rubin and many other scientists account for the 
difference by arguing that a huge, invisible 
mass, known as “dark matter,” exerts the 
gravitational force necessary to maintain stars at 
various speeds in orbit.  Rubin speculates that 
dark matter accounts for 90% of universal 
material, but admits that we know only a 
fraction about what the cosmos are composed of.  
“We have peered into a new world, and it is 
more mysterious than we could have imagined,” 
she remarked upon her reception of the National 
Medal of Science, “it awaits the adventurous 
scientists of the future.  And I like it that way.”  
 

(Biography by Alizeh Iqbal, Class of 2011) 
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 At this writing, a great deal of research is being 
done to discover the nature of dark matter. There 
have been suggestions that the undetected matter is 
actually normal matter that doesn’t give off light, like 
brown dwarf stars and black holes, but the evidence 
for these conventional masses is not strong. There are 
other proposals, with exotic names like MACHOS 
(massive compact halo objects) and WIMPS (weakly 
interacting massive particles), which have been made 
as well. The last word though is that theoretical 
physics is, as it has always been, an exciting frontier 
field for those with curiosity and a passion to 
understand the nature of nature. 
 In trying to discover the most fundamental 
nature of matter, it seems like we’re always almost 
there. The physics community felt that way after 
Rutherford’s discovery of the nucleus. And, it felt 
that way after Bohr showed that electron energy 
levels could explain spectra. And, it felt that way 
after Schrodinger’s equation explained the unusual 
behavior of matter at very small scales. But now, 
more than a decade into the 21st Century, are we close 
to grasping it – the essential nature of matter? Well, it 
seems like it. We need to be careful though. It always 
seems like we’re almost there. An interaction at a 
recent 2009 Winter Meeting of the American 
Association of Physics Teachers provides some 
perspective. In his conclusion to an hour-long talk on 
Dark Matter, Dr. Joseph Lykken of FermiLab said 
that he hoped a breakthrough into understanding the 
nature of Dark Matter would occur within one to 
three years. A moment later, Vera Rubin, a surprise 
member of the audience, stood up slowly, introduced 
herself, and pointed out that in 1977 it was strongly 
believed that a complete understanding of the nature 
of Dark Matter would be within 10 years. Well, it’s 
been over three decades and we’re still not quite 
there. 

  

 
 

Figure 12.21: This is a graph of expected speeds 
for stars vs. star distance from the center of the 
Andromeda galaxy, given all the observable mass 
of the constituent stars. 

Figure 12.22: This graph of observed speeds for 
stars vs. star distance from the center of the 
Andromeda galaxy shows that star speeds are the 
same at any distance from the center. The 
explanation is that there must be much 
unaccounted for dark matter, and that it does not 
concentrate at the center of the galaxy. It 
permeates the galaxy and extends far beyond the 
normal matter. 

Figure 12.23: This is an artist’s depiction of the 
dark matter permeating and extending beyond 
the galaxy seen at the center. (Produced by the 
Perimeter Institute for Theoretical Physics.) 




