Chapter 4
Newton’s Laws and Applications
4.1 Introduction
The following chapter, Newton’s Laws and Applications, is often
dealt with in Physics textbooks as two, or sometimes three, separate
chapters. However, because of the variety of ways this material is
presented in different textbooks, it is necessary to include all the
topics in one chapter here. Special attention should be paid to the
way that your particular textbook presents this material. For
example, very few books cover the history of Newton’s Laws, most books
ignore the concept of inertial reference frames, some books leave out
springs, etc. This becomes particularly important when Newton’s
Universal Law of Gravitation is covered. About half of the physics
textbooks on the market leave this for its own chapter later, while
the other half introduce it briefly here and include it in force
problems. Be sure you are aware of what exactly your teacher expects
and do not spend your time and mental energy on studying topics
presented here that do not match your particular physics course.

4.2 The Historical Context of Newton’s Laws
Aristotle and the History of Motion
After we have learned how to describe motion mathematically, the
next question that comes to mind is why do things move? It is time to
turn our attention to the causes of motion.
The actual cause of motion is a question that was pondered many
years ago and the history of the development of a theory of motion is
actually a very interesting one. Occasionally in science, and
especially in Physics, the development of a theory takes on a sort of
dramatic effect when told and this story is one of them.
In the time of the Ancient Greeks, a man named Aristotle rose to
fame as a philosopher. The Greek culture had a great respect for
abilities of the mind, such as philosophy and rhetoric, to a degree
that has not been seen since. Aristotle wrote on many subjects and
his writings survive to this day. One of the subjects he wrote
extensively on was motion.
Aristotle believed that the universe consisted of two separate
spheres, the heavens and the earth. The heavens were the perfect
realm and the earth was the "corrupt" realm, sort of a good/bad
dichotomy. According to his theory, the heavens contained the planets
and the stars and the earth was made of fire, water, air and earth (or
dirt). Everything on the earth was a mixture of those four elements.
In the heavens, everything moved in circles (since the circle was
always considered the perfect shape) but on earth things were
different. Each of the four elements had their own sphere and if
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things were perfect, the elements would exist unmixed in these
concentric spheres. But things on the earth were not perfect, they
were corrupt. Thus the spheres were actually intermingled and earth
existed alongside fire, water and air. When an object contained a
mixture of elements, the object would naturally try to go "home" to
the sphere of the most prominent element. Thus smoke (mostly air with
a little earth thrown in) would naturally rise to the sphere of the
air and a rock (earth) would fall towards the sphere of the earth. In
short, everything wanted to go home. This type of motion was called
"natural motion": circles in the heavens, going home in the corrupt
earth.
Motion on the earth could be changed if a force was involved.
You could throw a rock up in the air, for instance, and cause it to go
away from the sphere of the earth. Aristotle said that any motion
that was not natural required a force; someone pushing or pulling it.
Although today Aristotle's view of motion seems strange, you must
look back with the eyes of an ancient Greek and realize that
Aristotle's theory was both beautiful and philosophically sound. It
contained one major flaw, however, and that was that in many cases it
did not match the reality of how things moved. To the Greeks, this
was no big deal. They abhorred experimenting and felt that the truth
could be reached simply by thought and that you should never have to
condescend to checking your theories against reality. There was some
motion that Aristotle's view couldn't explain satisfactorily, but
improvisations of sorts (which were very complicated and in fact
ridiculous) were used to cover these areas.
For many years after Aristotle, his theories disappeared from the
Western world, but were recovered and translated into Latin beginning
in the 1100's. The process of translating and understanding the
ancient works lasted for over 200 years. At this time, the Roman
Catholic Church was in power and the Pope was the leading authority.
At first, the theories were held as heresy, since they came from a
pagan mind before the birth of Christ, but later (through the works of
Augustine and others) they were reconciled with the church's theory.
Once again, many years after his death, Aristotle rose to fame
and power. Once his theories became part of the church's teachings,
Aristotle became the supreme authority on many subjects. The best way
to describe the hold of Aristotlean teaching over the minds of this
time would be through a sort of exaggerated example. Imagine going to
school and your only textbook in all your classes was written by
Aristotle (except math and religion). Imagine that a man's
intelligence was judged not on his intellectual ability, but by his
accuracy in quoting Aristotle on a subject. Aristotle was "the man".
If you doubted him you were crazy (and since he was now so tied to the
church, you were also a heretic and a legion of Satan). Needless to
say, Aristotle's view of motion was accepted without question.
Why was this pagan's view of the universe accepted by the Roman
Catholic Church? The answer to that lies in two interesting aspects
of this theory. The first is that in the Aristotlean view, the earth
was the center of the universe. Obviously the church supported (or
wanted to support) that view since it matched the biblical ideas about
humans being God's most important creations. Secondly, and much more
importantly, the good/bad dichotomy mentioned earlier fit in exactly
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with what the church was teaching. Aristotle said the heavens were
perfect and the earth was "corrupt". The church said God in heaven
was perfect and the earth became corrupt when Adam and Eve bit the
apple of knowledge. In short, Aristotle's view of motion supported
the belief in original sin (which was one of the prime, essential
beliefs of the Roman Catholic Church). Religion, politics and
philosophy make strange bed-fellows. Aristotle became so enmeshed in
Catholic teachings that to doubt Aristotle meant to doubt the Pope and
thus to doubt God.

Galileo and Motion
The first person to doubt Aristotle's view of motion (and be
taken seriously) was Galileo Galilei. He was a supporter of the
Copernican theory of the solar system that said the sun was the center
of the Universe. If this were true, Aristotle's view of motion could
not be correct. For one thing, the earth was no longer the center and
for another, if the earth revolved around the sun it would have to be
doing one of two things. Either moving on its own in a perfect circle
(oh no, the corrupt earth moving perfectly) or it would have to be
pushed, since its motion was unnatural. This lead Galileo to carry
out a simple experiment (Aristotle is turning over in his grave right
now).
Consider Galileo's incline plane experiment, where a ball was
rolled down one incline and allowed to roll up another. On the three
ramps below, how high would it rise? What would happen if there was
no ramp?

Galileo carried out this experiment, but realized something that
Aristotle did not. He realized that friction was a problem. To
counteract this he attempted to make the ramps as smooth as possible.
It is sort of amazing just how well he did this task (according to his
notes) and his ramps can still be seen today at a museum in Florence,
Italy (along with his finger!).
Galileo came up with the concept of inertia. All objects have
inertia and once moving, they will move continuously until that
inertia is "overcome". This solved the problem of how the earth
moved. Since it had inertia, once it was moving it would continue
moving (there are some problems with this explanations, but we will
ignore them for the moment).
Galileo's views were obviously counter to the Church's teaching.
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He published his paper on the motion of the earth and all hell broke
loose (no pun intended). Galileo, however, was a deeply religious man
and he meant no harm to the church, in fact he was trying to help
them, in his own, unique way. Galileo thought (with the naivety of a
child) that if he just pointed out to the Pope that the church was
wrong, they would change their teachings and be a "truer and better"
church. Three things happened that compounded his predicament.
First, Galileo was friends with the Pope, but just before his
manuscript was published, his friend died and a new Pope was elected.
Secondly, Galileo published his manuscript in Italian, not Latin.
Most scholarly works were published in Latin, which was only read by
scholars. By writing in Italian, everyone could read his work. In a
second act of his own self destruction, he wrote the book as a
dialogue between the church and the "new philosophers" and called the
Church's character Simplicio (akin to Stupid). Thirdly, the Church
had just barely begun to recover from the Reformation. Rome had lost
authority over much of the Northern lands and England and had just
begun to regain its numbers and prominence. There was no way that the
church could let him get away with this heresy. They were actually
afraid that it might snowball into another reformation. They had been
hit once and were not going to be hit again. Galileo was put on trial
and forced to admit in public that his theory was wrong and the earth
did not move. Because he was old, he was sentence to house arrest
(instead of being put to death) which meant he had guards at his door
and was not allowed to leave his house. Legend has it that he mumbled
as he was being led up his steps, "Nonetheless, the earth moves."
Galileo died eight years later in his home, still labeled a
convicted heretic. He managed, before he died, to finish his writings
on motion and he had them smuggled out to Holland where they were
published. We should be forever grateful for his courage and insight.
In 1993, Pope John Paul II reversed the church's teachings on
Galileo , but until then he was still labeled a heretic in the Church.
It was Galileo's concept of inertia that opened the way for the
complete destruction of the Aristotelian view of motion. In fact,
Galileo can be said to have been the person who first opened the door
and paved the way for the scientific revolution to follow. Aristotle
was a dead end, as far as science was concerned and because of his
credibility, science had stagnated for almost 2000 years.
The same year that Galileo died, a man was born in England who
would, arguably, be one of the most important men in the history of
the world. It is my belief that with the possible exceptions of Jesus
Christ, Mohammed and Buddha, this one man altered the course of human
events more than any other man, battle or government. The man was Sir
Isaac Newton.
When he was only twenty-three years old, he was a teacher and a
student at Cambridge University. Because of an outbreak of the Black
Plague, the school was closed to avoid contamination. Newton spent
the break on his Aunt's farm and it was there that he first formulated
the Universal Law of Gravity, began his work on inventing a new type
of mathematics (Calculus) and formulated his three laws of motion that
would overthrow Aristotle for good.
His works were published later and he enjoyed a popularity that
was singly unique to science until that time. Newton became a sort of
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popular "superstar" in his own lifetime. He was admired by (almost)
all and held in awe by most. If they had tee shirts at that time he
would have been one of the most popular and best selling designs (a
handful of other scientists have received this honor, among them Ben
Franklin and Albert Einstein). Newton, however brilliant he was, was
not a particularly nice man. He used his power and influence to
destroy the life of a German mathematician who also invented Calculus
at the same time as he did. Newton did want to share the spot light,
so he accused the man of plagiarizing his work, used his fame to have
him found guilty and shamed the man for life (he died in a gutter, a
penniless beggar). Newton never married and died (supposedly) without
ever so much as kissing a woman.
These personality quirks aside, Newton was the man responsible
for the invention of Physics as we know it and his theories opened the
way for all the science that was to come after. When he died he was
buried at Westminster Abbey. His gravestone reads, "Let men rejoice
that so great a one has existed".

4.3 Newton’s Laws and Simple Applications
This first section regarding Newton’s Laws covers mostly a
conceptual understanding of the laws and some very simple
applications. Because Newton’s Laws will be referred to over and over
again throughout the remainder of the chapters, it is very important
for a student to develop a good, solid, understanding of them. Also,
this is the one area of physics where even the most quantitative of
physics classes is likely to ask a qualitative question or two. For
this reason, and for the fact that this topic is host to a number of
common multiple choice questions, it is best to give this section a
thorough reading.

Newton's First Law of Motion
The first of Newton's Laws of Motion reads,
"Every material object continues in its state of rest, or of
uniform motion in a straight line, unless it is compelled to
change that state by forces imposed upon it."
Today we are used a sort of translated form of that law,
"Objects at rest stay at rest, objects in motion stay in
motion in a straight line with a constant speed unless acted on
by an outside force."
The law itself is relatively self explanatory. If an object is
just sitting there, it will continue to sit there unless an outside
force acts on it. The second part rests heavily on Galileo's concept
of inertia and the student can see that it is very much at odds with
Aristotle. It says that once an object is moving, it will stay moving
at a constant velocity unless something makes it stop. Aristotle, you
will remember, said that if the motion was unnatural, you needed a
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force to move. Newton says that you don't need a force to move once
you are moving.
Once the object is moving, it will resist a change in motion.
Consider a cannon ball flying by you. If you want to change its
motion, it requires a great deal of effort. This resistance to a
change in its state of motion is what we call inertia. The more
inertia something has, the harder it is to change its state of motion.
Inertia is measured by mass and there is a direct relation. More mass
means more inertia. The student should take special note of the
wording in this paragraph. Mass and inertia are not the same thing,
but are closely related. Inertia is a property of an object and mass
is a measure of that property.
In some ways, Newton's first law is a restatement of Galileo's
principle of inertia. It simply says that all matter has a property
that causes it to continue in its motion until something from the
outside affects it. Often, this law is called the Law of Inertia.
Newton's first law can also be viewed as saying that motion is
inconsequential. In other words, objects can't tell if they are
moving or not. When you are in an airplane, you are moving with the
plane (you started moving and you don't need anything to keep you
moving) thus you don't really notice the motion. The fact that you
can't notice your motion is very strongly related to the concept of a
frame of reference (although the connection requires a rather deep
philosophical understanding).
To resummarize, objects will keep their constant velocity as long
as they are left alone.

Newton's Second Law of Motion
The first law told us what happens to an object if no forces act
on it. The second tells us what effect forces have on the motion of
objects. Newton's Second Law is mathematical in nature and it
explains exactly what happens when an outside force is applied to an
object.
"When a
object to be
acceleration
proportional

net force is applied to an object, it will cause the
accelerated in the direction of the force. The
will be proportional to the force and inversely
to the mass of the object."

Translated, this says:
3F=ma
This is another example, like the conservation of energy, of a
law that carries with it incredible beauty and power. In fact, all we
will be doing for the next month or so will be examining some of the
consequences of this law. We could spend two or three years on this
one law alone and still have much ground to cover before we exhausted
the possibilities.
A few things should be noted before we proceed to examine exactly
what this law means. The first thing we need to do is to define a
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force, since this our first real encounter with forces. The easiest
and best definition of a force is: a push or a pull. The only better
definition would be to use the law itself as a definition and say that
a force is a phenomena that causes a change in the state of motion of
an object (this is actually the proper way to do it). Forces are
measured in (appropriately) Newtons, where 1 N = 1 kg.m/s2. The
second thing to do is define the 3 sign. It is the Greek letter
sigma and it stands for the summation. In other words, you add up all
the forces and the sum of the forces equals mass times acceleration.
Thus if many forces act on an object, we must add them together as
vectors before we use the law. Notice if two or more forces add
together to equal zero, then the acceleration must be zero. Often 3F
is called the net force (total force). If the forces add up to zero
they are called balanced, and if they don't they are called
unbalanced. The last note to make is that this is a vector equation.
It states that the direction of the force is the direction of the
acceleration. If the force points north, the acceleration must point
north. Notice it does not say that the object moves in the direction
of the force, only that it accelerates in the direction of the force
(can you think of an example where the force is not in the direction
of the motion?).
What this law really says is that if there is a net force, there
is an acceleration. If there is not net force, there is no
acceleration. If there is no acceleration, there must be no net force
(no unbalanced forces) and if there is an acceleration, there must be
a net force.
Newton's Second Law (of which the first law is simply a special
case [why?]) tells us that motion does not need a force, acceleration
does. It tells us that motion is inconsequential, acceleration is
not. Going back to our plane example, when you ride in the plane, you
don't notice when you are moving (since you don't need a force) but
you do notice when you are accelerating, because you do need a force
in those cases.
To sum up the second law, a force is required to speed up, slow
down or change direction (cause acceleration) of an object.
Before we do any examples, we should first mention an important
distinction. There is a difference between mass and weight. Mass is
a measure of the amount of matter in an object (or alternatively, a
measure of an objects resistance to a change in its state of motion, a
measure of an objects inertia) whereas weight is a measure of the
force of gravity on an object. Thus weight is measured in Newtons and
mass in kilograms. The weight of an object is given by:
W=mg
where m is the mass and g is the acceleration due to gravity at that
particular location (9.8 m/s2 at the surface of the earth). With this
knowledge we can see that by using Newton's Second Law and
substituting the weight for the force;
W=ma
mg=ma
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g=a.
Since the masses canceled, we know that the mass of the object
has nothing to do with its acceleration. Therefor, all objects
accelerate at the same rate. (In reality, there is a philosophical
problem with canceling the masses here. The m in mg stands for an
objects "gravitational mass", which is a measure of the amount of
material that is affected by the force of gravity. The m in ma is the
"inertial mass" which was discussed earlier. If they are the same
(and all experiments point to them being so) then they can cancel. If
they are for some reason not the same, they will not.) A conceptual
understanding of why the masses cancel and why the acceleration is the
same is helpful and enlightening. We might think heavier objects fall
faster because gravity pulls on them harder. However, heavier objects
have more inertia and thus are harder to get moving (they put up more
resistance to falling). These two factors exactly cancel each other
out, giving the same acceleration all the time.
Let us now do some very simple examples of using Newton's Second
Law.
Example 4.3.1
Suppose you are in an accident at an intersection. You were originally going 35 mph (15
m/sec) when a car runs a stop sign in front of you. You hit the car in the side and your car
stops in 0.7 sec. What force would you need to give with your arms (if you weren't
wearing a seat belt) to give you the same acceleration as the car (to hold you in place).
Take your mass to be 70 kg.
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Example 4.3.2
During a battle with Romulan warships, the USS Enterprise loses it's engines. If they are
originally 20 km away from the Romulan ship and coasting at a speed of 1700 m/sec away
from the Romulans, will Jean Luc (or Kirk) and the crew escape the Romulan tractor beam
that can pull with a force of 8.71 x 108 N and has a range of 40 km? Assume the mass of
the Enterprise to be 1.3 x 107 kg.

Besides being able to be done in a multitude of manners, the last
problem contains an interesting error. If the problem were carried
out in real life, it would not work out the way we calculated. I
leave it to the student to determine why it couldn't work. If you
have difficulty now, keep it in the back of your mind as we discuss
the third law. After that, you should be able to answer it easily.
Identifying Multiple Forces on an Object
In both previous examples, we only looked at a situation where
there was on single force acting on an object.
However, as you can
imagine, there are many, many situations (both in real life, and in
the imaginary world of physics problems) when there is more than one
force on an object. This section deals with how to identify and draw
all the forces acting on an object. In order to have any hope of
solving these problems correctly, you must be able to draw and
identify all of the forces.
When two or more forces act at the same point on an object (at
the same time) we call those forces concurrent. In this chapter we
will assume that all force that act on an object are concurrent and we
will usually assume that they are all acting at the center of mass (if
you don’t recall center of mass from middle school science, don’t fret
- just assume it means the center of the object, we will define that
term in a later chapter).
One other vocabulary term that we will use is the resultant or
net force. This is the single force that would have the same effect
as two or more concurrent forces. The net force is the one force that
we could replace the two or more forces with and still produce the
same motion. As you can probably guess, the net force is simply the
vector sum of all the forces acting on a particular object (for
example, if two children pulled on a wagon, one east at 10 N and one
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west at 6 N, the net force would be 4 N east).
When using forces in a problem, it is essential that you
label all the forces acting on a particular object. Very often we
draw these force in what is called a "free body diagram". This is
simply a thumb-nail sketch showing the forces and their directions.
For example, if three children pull on a wagon in three different
directions, the free body diagram (from above) might look like this:

Notice how all the forces are drawn from the center of the object and
all angles are measured relative to the horizontal (+x) axis. This is
a very important point and should be stressed:
All forces on an object are drawn acting from the center of the
object. At this point, we do not draw them where they actually
act.
For example, if a string pulls an object, we draw that force like
this:

Not like this:

Even though the string is attached to the top of the box, we draw all
forces from the center in a free-body diagram. In a later chapter we
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will learn how to handle non-concurrent forces.
Below is a list of the different types of forces that you might
encounter in a force problem. It tells you when to draw a force.
How to Determine if a Force is Present on an Object
1.) Any time the problem says explicitly there is a force. For
example, if the problem says the child pushes on the wagon, there
is a force from the child acting on the wagon.
2.) All objects have weight (if they are near the earth or any
other planet), thus every time you do a force problem, the first
force usually labeled is the weight (or the pull of the planet on
the object). The weight of an object is given by mg where m is
the mass and g is the acceleration of gravity on that particular
planet.
3.) If an object is attached to a rope or a spring, it will have
a force from the rope acting on the object. Usually we label
this force T for tension. This force is drawn in the center of
the object, not on the string, since we are interested in the
motion of the object, not the string. The direction of the
tension is the direction the string is holding the object (i.e.
from the center towards the string itself). Also, the tension
throughout one string must be equal (if one string is attached to
two objects, as in a pulley system, the force of the string on
each object must be the same). Notice however, that the tension
is not the same on two strings that are connected to the same
object. The diagram below shows both of these cases.

4.) All objects that are being pushed against a surface or
another object have what is called the Normal force acting on
them. In our section on Newton's Laws, we did an example of a
book resting on a table. Since gravity pulls the book down (this
force is labeled mg in the diagram below), and the table is in
the way, the book will push up on the table (force P) and by the
third law, the table will push back on the book (force N). This
"push back" is called the normal force.
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In is important to note a few things in the diagram above.
First, the forces N and P make up an action reaction pair, not
the forces N and mg. Although common sense will tell you that
mg=N, it is not because they are an action-reaction pair. They
just happen to be equal and opposite (where is the reaction force
to mg?). Also, the force P is drawn off to the side for clarity,
it should be directly below N. In most force problems, the P
force is not drawn. Once again, the reason is that we are only
interested in the forces acting on the book. P acts on the table
and is caused by the book, thus it will likely never enter the
problem.
The student may be wondering why this contact force is
called "the normal force". The answer lies in the mathematical
definition of the word "normal". Normal is a term used in math
to mean perpendicular. Whenever you have a normal force arising
from an object being pushed against a surface, it will push
perpendicular to the surfaces in contact. An example is shown
below, where a block is placed on a ramp.

One final comment should be made about the normal force. In
many cases the normal force will turn out to be equal to the
weight of the object (as in the book diagram), but it is not
necessarily so (as in the block diagram). Students have a habit
of associating the two forces and jumping to the conclusion that
N=mg always. There is no direct way to tell the value of the
normal force, it must be taken as an unknown and solved for.
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5.) Friction is another force that we will dealing with in the
next chapter. The student should note that there is no need to
include friction in a problem unless it is stated. If there is
no clue regarding friction, we can consider the problems to be
frictionless. More on friction after we master the basic
concepts in this section.
6.) Objects connected to a spring experience a force much like
tension, but the direction of the force is opposite to the
compression or extension of the spring. For example, if a spring
is pulled outwards, it pulls the object back inwards. If you
push a spring in, it will push the object back out. In first
year physics all we will deal with are what are called “ideal
spring” which means they follow something called “Hooke’s Law”
where
F = - kÄx
F is the force of the spring, k is something called the spring
constant (generally a given), and Äx is the extension or
compression of the spring, as measured from the center or
equilibrium point. The negative sign in the equation above simply
indicated direction (it is showing that the force and the
displacement are opposite directions).
Now let’s get some practice with these ideas - what you should be
able to do is to take any situation and draw and label all the forces
on the object.

Example 4.3.3
Two wooden blocks are attached by strings to the ceiling. The blocks are then arranged
so that they are pushing against each other at their midpoint as in the diagram. Draw a
free body diagram for the block on the right.
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Example 4.3.4
Imagine two wooden blocks resting side by side on a frictionless table. One block is
smaller than the other and you push the large block into the smaller block. Draw a free
body diagram for each block.

You should have drawn three forces; gravity, tension and a normal
force from the block on the left.
Once we are able to draw all the forces involved, we can move on
to using the concept of Newton’s Second Law to make some inferences
about the forces on the object.
Conceptual applications of the second law are very useful to gain
some practice inferring information and predicting outcomes. The
examples below require you to use F=ma to determine some information
which is not specifically spelled out.

Example 4.3.5
Consider the ball rolling down an incline plane as shown below. What forces act on the
ball? What is the direction of the acceleration? What is the direction of the net force?
What does this tell you about the forces acting on the object?

We see from the above example that we can use Newton's Second Law
to infer that there must be a force other than gravity acting on the
object, since its net force is down the plane and yet gravity points
straight down.
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Example 4.3.6
Imagine that you push on a boulder as shown. Does the boulder accelerate? What forces
are acting on the boulder?

Example 4.3.7
A block is allowed to slide down an incline plane to the bottom where it hits a spring.
After bouncing up and down for a few seconds, it comes to rest by compressing the spring
slightly. Draw the forces on the block when it reaches equilibrium.

Here we have no acceleration, thus no net force on the boulder. Since
you are exerting a force on the boulder, something else (the ground)
must be exerting an equal and opposite force back. This is an
interesting example, since there are two forces from the ground on the
boulder (or is there only one?)

Example 4.3.8
A car travels down a straight and level highway at a constant speed. What forces (if any)
act on the car.

Here is yet another case where the acceleration is zero and thus we
must have cancelling forces. It also explains why you need to keep
the engine going on the highway when inertia tells you that you don't
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need forces to keep moving.

Example 4.3.9
An airplane lands and comes to a stop. Where are the forces? What direction is the
acceleration?

Another good example showing us that forces point in the direction of
the acceleration, not the motion.
The next example is slightly tricky and we need to use a little
logic to determine the answer. As you attempt to answer this
question, think along these lines: Acceleration is a change in
velocity, thus you can imagine the acceleration as an arrow that
"pushes" the velocity from one direction to another (or as an arrow
from the end of an initial velocity to the end of the final velocity
arrow). If you know the direction of the acceleration, you know the
direction of the force.

Example 4.3.10
A car rounds a turn at a steady speed. Ignoring the forward thrust of the car and the
backwards friction (as determined in a previous example), what other forces act on the car
and in what directions?

Newton's Third Law of Motion
Now, onto the final law.

Newton's Third Law reads as follows:

"When one body exerts a force on another, the second body
exerts a force equal in magnitude, but opposite in direction back
on the first."
Sometimes this is shortened to "every action has an equal and opposite
reaction," or as Paul Hewitt puts it in his book Conceptual Physics,
"You cannot touch without being touched."
Newton's Third Law is a very powerful and interesting law, but
one that is rarely truly understood. Part of the confusion arises
from an incomplete understanding of forces. I implore the student to
pay close attention and understand the following simple statement. It
seems like common sense, but it is not.
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Every force must have a source and an object and they must be two
separate things. For example, if a boy pushes a wagon, then the
boy is the source of the force (the cause) and the wagon is the
object (or the object being affected). In the case of gravity
(or weight) of an object, say a bowling ball, the source is the
earth and the bowling ball is the object. Every force must have
a source and an object.
Restated: The source of the force acts on the object.
force then exists on the object of the force.

This

What Newton's Third Law says is that if object A is a the source
of a force on object B, then automatically there must be an equal
force on object A caused by object B. If A pulls on B, B must pull on
A. This tells us that whenever we see a force, there must also exist
a second force. We can locate this force by switching the source and
object of the first force.
This also says that every force in the universe must have a
mirror twin somewhere else. Forces in the universe must exist in
pairs - if you counted up the total number of forces in the universe,
the answer must be even. Every force has its equal and opposite out
there somewhere.
Let us take a closer look at this law.
Example 4.3.11
Consider the two magnets shown below, both of the same mass and size, resting on a
frictionless plane. If:
a.)
both magnets were free to move
b.)
magnet A was held in place,
What would happen?
Describe the forces
and the accelerations
involved.
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We see from this that we already knew that Newton's Laws had to exist,
it just makes sense. The same effect can be felt during a tug-o-war
or when you fire a gun. We also see a very important fact that helps
us to understand forces. When we are interested in the motion of
magnet B, we only consider the forces acting on magnet B, not the
forces that magnet B causes. In other words, we are only interested
in one of the two forces predicted by Newton's Third Law. Let us look
at it again, in a slightly different light:
Example 4.3.12
Consider the two magnets shown below, resting on a frictionless plane. If:
a.)
magnet B was held in place
b.)
both magnets were free to move,
What would happen?
Describe the forces and
the accelerations
involved.

This example brings up a point that will come back time and time
again. Just because two objects have the same forces does not mean
they will be affected the same way. Because of their different
masses, even though the forces are the same, the effects will be
different. It brings up another excellent point and that is that this
pair of forces we have been discussing can never cancel each other.
The pair of forces that arise because of Newton's Third Law is often
called an action-reaction pair. This term, however, is somewhat
misleading since it suggests that one force came first and caused the
other one to appear. In fact, they must arise together,
simultaneously. The two forces in an action reaction pair must exist
on different objects, they never exist together on the same object.
This is a major source of confusion for many students (a note to the
astute student is in order: There are times when a-r forces exist on
the same object. This situation arises when one has what is called an
"internal force". Imagine a large system, such as a space ship. If
an astronaut throws a ball in the ship, both he and the ball have
equal and opposite forces on them, but he and the ball are part of the
space ship "system", thus it might seem that the a-r forces are on the
same system. However, in this case the forces are internal to the
system and thus can have no effect on the system of the space ship.
Internal forces always cancel each other out and thus we don't have to
worry about them. They are rarely of real interest.)
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In short, remember these things about forces and Newton's Third
Law:

Notes on Newton's Third Law
1.) The forces in an action-reaction pair are always equal.
2.) The forces in an action-reaction pair are always on two
different objects.
3.) Every force has a source and an object, when we are
interested in the behavior of an object, we only concern
ourselves with the forces on that object, not the forces caused
by that object.

Example 4.3.13
Two children decide to play tug-of-war on a frozen lake (no friction). They start out 5
meters apart and child A pulls on the rope with 50 N of force. Child B decides not to pull
at all, but he just hangs on to the rope. If child A has a mass of 40 kg, and child B has a
mass of 60 kg, who will have moved the furthest, and by how much?

Example 4.3.14
Draw a graph of velocity, acceleration, and force versus time for the following motion: A
tennis ball is dropped from a certain height and bounces off the floor. Ignore air
resistance.

Using Newton’s Laws
Now that we know what Newton’s Laws say and what they mean, it is
time to see if we can use them to explain different types of motion.
Below are a number of conceptual examples that use Newton’s Laws.
These examples are ones that are very common to many physics text
books, and the are also very common “classic trick questions”.

Example 4.3.15
Imagine jumping off a chair. What force causes you to fall down? Where is the reaction
force to this force? What is it's effect?
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This past example shows us why we often ignore the reaction force,
since it can sometimes be on an object which is of no real consequence
to the problem.
Example 4.3.16
Below is a length of string wrapped around a spool with two large wheels (the string is
wrapped so that is comes off the bottom). If the string is pulled horizontally, which way will
the spool move?

This example shows us that F=ma and that the force and the
acceleration must be in the same direction.
Example 4.3.17
A space ship flies straight ahead in outer space with a steady speed. What is the direction
of the force on the space ship?

LetsLearnPhysics

-

Chapter 4 -

Page 20

Example 4.3.18
Explain what happens to the earth when you walk. What would occur if the earth were the
same mass as you are? (Hint: Consider trying to run on a log in a lake.)

Example 4.3.19
Below is an example of what is commonly called a fan cart. It is a low friction cart with
wheels and connected to it is a fan. If the air is blowing in the direction indicated, what
direction will the cart move?

The above example illustrates how a turbine engine on a plane
works (these used to be called "jet" engines, not to be confused with
rocket engines). In fact, the engines on a large commercial airliner
(747, DC-10) are simply large, very efficient fans.
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Example 4.3.20
What will happen to our fan cart if a small, sturdy sail is fastened in front of the fan?

These past examples show us the importance of focusing on what
exactly is the object of each and every force and they also show us
that for forces to cancel, they must be on the same objects. The
second cart example is interesting in that is shows us to question our
assumptions at all times. It is natural to assume that the forces on
the sail and the fan are equal and will thus cancel, but in fact they
are not equal and thus do not cancel. A similar mechanism is used to
bring an airplane to a stop during landing. When it touches the run
way, it needs a backwards force to acquire its backwards acceleration
to stop. Instead of running the fans in reverse, a "sail" of sorts is
dropped on the back of the engines to divert the air flow towards the
front of the plane.

LetsLearnPhysics

-

Chapter 4 -

Page 22

Example 4.3.21
Discuss the forces, accelerations, and energy changes that go on in the system below.
The system consists of two carts on a frictionless surface that are connected by a spring.
The carts are pulled apart and then released. (m<M)

Example 4.3.22
Explain how a rocket engine works in terms of Newton's Third Law. Usually, a rocket
engine consists of a sturdy container with an opening in one end. Inside the container,
fuel is ignited and it explodes.
Compare this example to the case of inflating a balloon and releasing it without tying the
end.
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Thus we see that the principle behind a rocket engine is actually
very simple (the implementation and efficiency is another story), and
we see how rockets don't "push off" the launch pad, they don't really
need a launch pad at all. The fuel pushes the engine up and the
engine pushes the fuel down and out.

Example 4.3.23
Describe all the forces and effects on the motions of an astronaut catching a ball in outer
space. Explain these forces by breaking the situation into three different situations; before
the catch, during the catch, and after the catch.

The middle situation, during the catch, is a good example of internal
versus external forces. There are no external forces in the situation
(if the system is both the ball and the astronaut) but there are
internal forces and the overall motion is unaffected. If the system
is either just the ball or just the astronaut, then there are external
forces and their motion is affected.
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Example 4.3.25
Label all the forces on a book sitting on a table and identify their reaction forces.

Example 4.3.26
Explain what happens when a skydiver jumps out of a plane and eventually reaches
terminal velocity (a speed after which they will fall no faster). Draw a graph of v vs t for the
skydiver and a vs. t. (You need to know one further piece of information to understand this
problem; the force of air resistance increases as the velocity increases.)
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Now that we have completed our discussion of Newton's Third Law, the
student should go back to the "Star Trek" problem and see if they can
do the problem correctly with their new found knowledge.

Practice Problems for Newton’s Laws

Example 4.3.27
In each of the situations below, determine which of Newton’s Laws is the best choice to
explain the motion.
A.)
A ball rolls across a table and comes to a stop due to friction.
B.)
A car travels at a constant velocity along a straight highway.
C.)
A bottle breaks when dropped on the floor.
D.)
You slip on ice as you walk down the sidewalk.
E.)
A golf ball does not roll far after it lands in a sand trap.

Example 4.3.28
Use each one of Newton’s Laws to explain part of the motion outlined below:
A car takes off from a stop light, travels straight at a steady speed for a while, then
accidentally drives off the road and hits a bale of hay, which stops the car (no one was
hurt, thank goodness).

Example 4.3.29
In each of the situations below, draw all the forces that exist on the object in question (in
bold).
A.)
B.)
C.)
D.)

A ball, hanging from the ceiling by a string, is pushed to the side by a young
child.
A car, driving down the highway, passes through a deep puddle that slows
the car speed down.
A large boat (such as an oil tanker) is pushed by a tugboat, as it coasts into
port (it is still moving forward, but its engines are turned off).
A child, riding a sleigh, is pulled uphill by another child.
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Example 4.3.30
In each of the situations below, draw all the forces on the object in
question (in bold), and draw, identify, and label each of their reaction forces.
A.)
B.)
C.)
D.)
E.)

A car takes off from a stop.
A person stands on the ground, and leans against a wall.
A large boat (such as an oil tanker) is pushed by a tugboat, as it coasts into
port (it is still moving forward, but its engines are turned off).
A cart is pulled by a horse.
A small block (A) is resting on top of a larger block (B). Block B is pulled
horizontally with a strong force, causing both blocks to be pulled to the right
(block A stays on due to friction).

Example 4.3.31
A ball is dropped from 8 m above the ground and it bounces back to 5 m above the
ground. If the ball had a mass of 400 g and it was in contact with the ground for 0.07 sec,
what was the average force of the ground on the ball?

Example 4.3.32
A 2000 kg car accelerates from 0 to 22 m/s in 6 seconds. What was the average force on
the car during that time?

Example 4.3.33
A marble is fired from a sling shot into a blob of jello. The sling shot applied 10 N of force
to the 50 g marble for 0.4 seconds. If the jello is 30 cm thick, what is the average force
applied by the jello to the marble? Assume no loss of speed as the marble goes from the
sling-shot to the jello.
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Example 4.3.34
Draw a force versus time for a baseball that is pitched, and then hit by a batter to an
outfielder, who catches it. Do not include gravity as one of your forces, since it will be
constant throughout the entire motion.

Example 4.3.35
Two astronauts in space are connected by a cable 5 m in length. One of the pulls the
cable with 40 N of force, while the other simply holds on. If the masses of the astronauts
are 65 kg and 80 kg, how far will the 65 kg astronaut move and how much time will it take
before they meet?

Inertial and Non-Inertial Reference Frames
Newton’s Laws are both incredibly useful and incredibly important
historically, however, they have some restrictions in their usage. It
turns out that they can only be applied in certain situations.
However, the vast majority of the time the errors caused by using them
when they shouldn’t be used are so minuscule that they can be safely
ignored. In fact, many of the physics textbooks out there simply
ignore this issue, or give only a passing mention of it, because for
the purpose of learning first year physics, it would only complicate
matters more than they needed to be. But we should not continue
without discussing this situation.
Newton was aware that his laws only work in something called an
“Inertial Reference Frame” and they do not work in “Non-Inertial
Reference Frames.” An inertial reference frame is a frame that is not
itself accelerating (and thus an non-inertial frame is one that is
accelerating).
A good example of this would be if you were driving in a large
bus down a straight and smooth road. If you were going along at a
steady speed, and decided to check Newton’s Laws by doing an
experiment, you would find that they work perfectly, because you are
in a reference frame that is not itself accelerating (an inertial
frame). However, if during your experiment the bus suddenly started
to slow down, your results would show that Newton’s Laws do not work.
The same thing would happen if the bus suddenly took a turn. In those
cases, since the bus itself is accelerating, it is a non-inertial
frame. Newton’s Laws do not work in that situation.
At this point students generally make two comments, so let me
address them here. The first comment would be something like, “Since
they don’t work all the time, why bother learning them?” or “So you
mean Newton’s Laws don’t really work.” The answer to that comment is
simple - they do work, if you follow them completely. They were not
made to work in all situations, but they were made to work only in
certain situations. We bother to learn them because they are useful
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and they work fine if you understand when to use them and when not to
use them. The second comment is generally something like, “Well,
since you know the bus is slowing down, if you take that into account
in your experiment, then everything should turn out fine.” That is
correct, and your experiment would be fine if you made adjustments,
but that would mean that you had to make adjustments for it to workyou had to change Newton’s Laws to make them work in a situation where
they shouldn’t have worked. That is exactly what scientists do in
these situations - if we want to use Newton’s Laws in a situation
where they should not work, we adjust them by adding extra terms so
that they will work.
But there is another aspect to that second question that should
be examined. Remember that the inside of the bus is your “frame of
reference” and by definition, a frame of reference is standing still.
In all your experiments, you should be considering that the bus is
standing still, and everything else is moving. In that case, it might
not be so easy to imagine what needs to be adjusted for the experiment
to work (not impossible, but more difficult).
Now, here comes the kicker - is your classroom an inertial or a
non-inertial frame of reference? For that matter, is anyplace on the
surface of the earth an inertial reference frame. The answer is no
(since the earth is rotating, anyplace on the surface is
accelerating). Thus, Newton’s Laws should not work correctly (without
adjustments) anywhere on the surface of the earth! But, as mentioned
before, the errors are generally so small that they can be ignored.
In the case of the earth they are generally less than 1%. So consider
two examples - the first is the case of an engineer building a bridge.
Does this engineer need to adjust Newton’s Laws for the non-inertial
frame? Probably not, since it is general practice to over-build
things like bridges, etc. If you design a bridge to hold 100 cars at
a time, and it collapses when 101 cars drive over it, you probably did
something wrong! But what about an engineer designing a rocket to
place a satellite in orbit - a 1% error could mean that the satellite
is useless and would lead to some very unhappy bosses. The second
engineer would need to take inertial and non-inertial frames into
account.
In general, most of the problems you encounter will simply assume
that you are in an inertia reference frame. In a first year physics
class, you probably won’t see inertial and non-inertial frames again
until you discuss centripetal force (later this chapter) and
relativity theory (much, much, later in the year if at all).

Final Comments About Newton’s Laws
Before we leave this section, I would like to take a moment and
remind the student just how important these laws were in the
development of Physics. These three laws overturned the great
oppression of Aristotelian thinking that had kept science stagnant for
2000 years (with all due respect to Aristotle, he was one of the first
"modern" thinkers and experimentalists. He was one of the only Greeks
that really looked at nature. However, the effects of his works in
later years actually served to hold back scientific thought.). It
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might not be obvious to the student, but they counteracted Aristotle
in two ways.
First, along with Galileo's concept of inertia, they showed that
it does not take a force for an object to move, it only takes a force
for an object to accelerate. Forces don't cause motion, they cause
acceleration.
Secondly, by showing that the earth is not "corrupt", they united
the heavens and the earth. This was monumental. Before Galileo and
Newton, no one ever believed that the laws that applied to the stars
were the same as those that applied to the earth. It was a
revolutionary concept to think of Natural Laws as "universal". This
contribution was best expressed in his Universal Law of Gravitation,
but his Laws of Motion helped to further this idea.
A final comment, before you begin the exercises. Earlier it was
mentioned that frames of reference were essential for discussing
motion. Although they do not appear directly in Newton's Laws, do not
think he was unaware of them. In fact, he even considered creating a
fourth law of motion which discussed frames of reference, but later
removed it from his manuscript.

4.4 Force Problems - Part 1
Equilibrium Problems
Now that we understand the basics, and has dispensed (almost)
with the preliminaries, it is time to jump into standard physics force
problems. Force problems are a mainstay of physics and physics
classes because they are essential to understanding physical
situations and because they have so many uses and applications. For
the next two weeks to two months (depending on your physics class) you
will probably be involved in some sort of study of force problems. Be
sure you understand the basics before moving on to the more
complicated problems.
In the vast majority of problems, your goal is to solve for some
missing force in a physical situation. In other words, the problems
describes a set of or physical situation, gives you some information
about it, and then asks you to find the value of one or more of the
forces in the situation. In this chapter, the most unknowns that can
be solved for is two, since we will only be able to write down a
maximum of two equations for any given situation. Later we will add a
third equation which will allow us to solve for three unknowns.
There are two types of force problems, equilibrium and nonequilibrium problems, and we will deal with each separately. However,
they both follow the same procedure. In fact, all force problems can
usually be dealt with in a very straight-forward manner, and in fact
can become rote in a short period of time.
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For EVERY problem, we do the following:
1.)
2.)

3.)
4.)
5.)

Draw a free-body diagram of each object in the problem,
identifying all the forces, and labeling them accordingly.
Superimpose an axis system on each free-body diagram
(preserving the positive direction if necessary between
objects).
Resolve all the forces along their axes.
Write out an equation for the x and y direction of each
object.
Identify unknowns and solve equations (substituting or
combining equations if necessary).

Before we can jump into solving the problems, let us take a
little look at step 2 - superimposing an axis system (superimposing is
just a fancy word for drawing it on top, or combining it together).
Each individual problem will need its own axis system, which is
an arbitrary choice made by the person doing the problem. Very often
that axis system will be the usual horizontal/vertical system that we
are so used to working with, however, the choice can be different for
different problems. It is often most convenient, for example, to
position the x axis along a line of motion (if the object is moving in
a straight line NE, for example, the best choice is to rotate the
usual axes 450 so that you now have motion in one dimension instead of
two). Once you have the axes, you resolve the force vectors along
these axes, so that you are left with only force components that are
along either the x or y direction. Two examples are shown below. The
first is a case where there is no preferred direction of motion, and
thus the axis is positioned normally (as seen on the right hand side
of the diagram). The second picture shows a cart about to roll down a
hill. In this case it is more sensible to tilt the axis so that the
motion is one dimensional along the x axis.
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So we although we see that the choice of axis system is arbitrary, in
some problems, a good choice of axis systems will make the problem
easier to solve - for example, if you put the axis horizontally and
vertically on the box in the second drawing above, you would have
acceleration in two directions. By tilting the axis, you will end up
with a one dimensional motion and an easier problem.
On problems with two objects (we will discuss these in more
detail later) it becomes important to “preserving the positive
direction between the axes.” What this means is that if you are doing
a problem where two objects are connected by a string or in some other
manner, the positive direction must be the same all along the string.
This is hard to explain in words, but the diagram below illustrates
this well. In the first diagram, it is obvious that on both objects
the positive direction is to the right.

In this second diagram, the situation is not so obvious.
two objects are connected by a string,

Since the

We will look at these in more detail later.

Newton's Second Law - Equilibrium Situations
Now that we know all about what forces are and how to set up our
problems, we can turn our attention to using Newton's Second Law and
how to use it to solve force problems.
Consider Newton's Second Law, ÓF=ma. If we deal with a situation
where there is no acceleration, the law tell us that the sum of the
forces on that object must equal zero (ÓF=0). Please remember that
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this law does not tell us that there are no forces on the object, it
only says that the forces must add up (as vectors) to zero.
The sum of the forces equalling zero is called The First
Condition of Equilibrium. Equilibrium is defined as the a condition
where the state of motion of an object remains unchanged. In other
words, there is no acceleration (either linearly or angularly, but
more on the second part in another chapter). Thus a bridge is
(hopefully) in equilibrium, a book on a desk is in equilibrium, and a
marble dropped into maple syrup is eventually in equilibrium. Note in
the last example that the object is moving. Equilibrium does not mean
no motion, it means no acceleration. In maple syrup the marble will
sink at a steady speed after the first few moments.
The other thing about the first condition of equilibrium is that
it is a vector equation, thus it can be broken down into two (or
three, if you are doing a three dimensional problem) other equations
(Side note: All vector equations imply two or three other equations
that can be considered as scalar equations, by resolving them into
components. Since the components are all in straight lines, we only
have to deal with positive and negative as choices of directions, thus
we can deal with scalars.)
In other words, ÓF=0 (the First Condition of Equilibrium) implies
that:
ÓFx=0

and

ÓFy=0.

The sum of the forces being zero implies that the sum of the forces in
the x direction equals zero and the sum of the forces in the y
direction equals zero. This makes logical sense if one thinks about
it. If we add five vectors together and the sum is zero, that means
that the x and y components must have each added up to zero
independently. If we were to operate in the z direction (for a 3-D
problem), we would also have ÓFz=0. Later, when we deal with nonequilibrium situations, we will use an identical method, and show how
things can be in equilibrium in on direction but not another.
Two other technical notes should be made before we begin these
problems. When there is a scale in a problem, it will read certain
forces. A spring scale attached to a string, for example, will read
the tension in the string. A regular scale (of the bathroom variety)
will read the Normal force of the object sitting on the scale (in
other words, when you stand on a scale in the bathroom, it will read
not your weight, but actually the normal force acting on you.
Now we can begin the problems. In each problem, the method of
attack is the same: For EVERY problem, we do the following:
1.)
2.)

3.)
4.)

Draw a free-body diagram of each object in the problem,
identifying all the forces, and labeling them accordingly.
Superimpose an axis system on each free-body diagram
(preserving the positive direction if necessary between
objects).
Resolve all the forces along their axes.
Write out an equation for the x and y direction of each
object.
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5.)

Identify unknowns and solve equations (substituting or
combining equations if necessary).

One Object Problems

Example 4.4.1
A person drags at constant speed an 800 N crate across the floor by pulling it with a rope
at a 30 degree angle (to the horizontal) using 1000 N of foce. Find the force of friction
acting on the crate and the normal force on the crate.

This problem, while simple and straight forward, shows a very
interesting and important result, which was mentioned earlier. In
many problems, the normal force on an object will be equal to it’s
weight, but in this case it is not. The normal should always be
treated as an unknown and solved for in a problem, don’t just assume
it is equal to the weight.

Example 4.4.2
A dishonest grocer is selling fruit by weighing it with two scales as shown. Scale 1 reads
12 N and scale 2 reads 8.9 N. Given that è1 = 50 degrees and è2 is 30 degrees, what is
the actual weight of the fruit?

It is also instructive to run the previous problem backwards.
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Example 4.4.3
If you went to buy 20 N of apples from the grocer described above, what would the scales
read? Assume the angles remained the same.

This problem is a perfect example of the two unknowns, two equation
situation that often arises when doing force problems.

Incline Plane Problems
Incline plane, or ramp problems, are very, very common in first year
physics classes, and although not very tricky, they do require a
little thought and a little geometry. Consider the following:
Example 4.4.4
Imagine that a car is stalled on a slight hill covered with ice (no friction). If the hill has an
angle of 4 degrees, and the car has a mass of 1500 kg, how much force would it take the
hold the car in place on the hill. Assume the force is directed up the hill, parallel to the
surface. (Also assume the person is wearing shoes with ice cleats so he can have traction
on the ice!)

Example 4.4.5
On the incline below, a spring is attached to a block and the block is released. It bobs
back and forth for a while then settles into equilibrium. If the block has a mass of 3 kg,
and the spring has a spring constant of 300 kg/sec2, how far did the spring stretch? What
is the normal force on the block?
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Two Object Problems
Another type of force problem that occasionally arises is a problem
with two objects. Although this is most often a “non-equilibrium”
force problem, once and a while you will find an equilibrium problem
involving two connected objects. We will use this opportunity to
learn how to do these types of problems, but we will get more practice
in the next section. When a problem involves two connected objects,
there are two methods of solving the problem.
Method one is to treat each object individually. When you do so,
you draw a separate free body diagram for each object, and write out
separate sum of the forces equations for each object. For an
equilibrium problem, this will generally leave you with one unknown on
one equation and two unknowns in the other. By solving the simpler
equation first, solving the second one becomes easy.
Method two is to treat the entire system as one object. Imagine
stretching out the string so that the two objects are in a line, and
write all the force on the middle of that one object. This is hard to
put into words, but easier to see in practice.
Regardless of which of the two methods you choose, remember what
was said earlier - when doing a problem like this, you must preserve
the positive direction all along the string, even though it may bend
over a pulley.
Example 4.4.6
In the situation below, find the mass M that will keep the entire system in equilibrium.

A few notes on these two body problems before we move on. First, you
will notice that in equilibrium, generally the tension in the rope is
the same as the weight hanging on it. However, don’t get too used to
that - if the system is not in equilibrium, the tension is not the
same as the weight.
Secondly, method two above seems a little confusing right now,
and you are probably thinking you will never use it. However, when we
move to non-equilibrium problems, method two will often make the
LetsLearnPhysics

-

Chapter 4 -

Page 36

problem much, much easier to solve. You may not see the benefits
right now, but they will be obvious later.
Third, when we move into non-equilibrium problems, both equations
will often end up having two unknown, which means the substitution
will become more difficult.

Ladder Problems
Ladder problems are fairly uncommon problems in this chapter on
Newton’s Laws, but they occasionally arise. They will show up much
more often in a later chapter when we learn to deal with torques.
However, since they will become more common later, it might be helpful
to discuss them briefly here, in some simple problems.
The key to understanding ladder problems lies in the fact that
where the ladder touches the ground and the wall, there are two forces
that arise, a normal force (perpendicular to the surface)and a force
of friction (parallel to the surface). The illustration below shows
all the forces on a ladder, with each force shown from where it
arises.

Now, since we do not usually draw the forces where they act, but
instead draw them from the center of the object:
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The reason that we don’t have too many ladder problems is because
there is a relationship between the friction and the normal forces
that we have not yet learned, and because there are too many unknowns
floating around. However, let us try a simply one.

Example 4.4.7
A 20 kg ladder is leaned up against the wall. If the friction at the top of the ladder is equal
to half the value of the top normal force, and the friction at the bottom is equal to 0.6 times
the bottom normal force, what is the maximum mass of the person that can climb the
ladder?

Practice Problems

Example 4.4.8
A 100 N box is hung from the ceiling by a spring of spring constant k = 800 N/m.
Someone pushed the box sideways with a force of 20 N. How far does the spring stretch?
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Example 4.4.9
A 100 kg box is suspended by a wire from the ceiling. Two forces, F1 and F2 are applied
as shown, pulling the box to one side. Find F1 and F2 (all angles given are from the
horizontal). Note: Since the wire is being pinched, the tension is not the same throughout.

Example 4.4.10
On the set-up below, a student tries to hold the box in place on the frictionless ramp by
pushing HORIZONTALLY (not parallel to the ramp). How much force must they use to
hold the block in place?

LetsLearnPhysics

-

Chapter 4 -

Page 39

Example 4.4.11
A 4500 kg traffic helicopter is traveling at a constant speed due north. At that time, the
helicopter blades are tilted at an angle of 18 degrees to the horizontal (see diagram). The
blades create a lifting force that is normal (perpendicular) to the plane of the blades.
A.)
Draw a free body diagram for the helicopter.
B.)
Find the value of the lifting force.
C.)
Find the value of air resistance force opposing the motion of the
helicopter.

Example 4.4.12
In the set up below, find the normal force from the table on block 1 and the normal force
on block 2 caused by block 1.
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Example 4.4.13
Consider a 60 kg student standing on a 10 kg ladder. If the normal force from the ground
is 500 N, and the friction from the ground is 160 N, what is the value of the normal and the
friction from the wall?

Example 4.4.14
If M1 in the diagram below is equal to 15 kg, what should M2 be in order to keep
equilibrium?

Example 4.4.15
On the setup below, what is the value of T2 if m = 8 kg? Assume the incline to be
frictionless. (O31)
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Example 4.4.16
In the set up below, the ball has a weight of 20 kg and the string supporting it makes an
angle of 25 degrees with the wall. What is the tension in the string and the normal force
the wall exerts on the ball?

Example 4.4.17
On a nice, windy day, a person flies a kite as shown below. What is the magnitude and
direction of the force of the air on the kite? The kite has a mass of 0.5 kg and the string
can be considered massless. The angle between the string and the face of the kite is
1050 and the tension in the string is 30 N.
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4.5 Force Problems - Part 2
Non-Equilibrium Problems
It would make sense that after learning about equilibrium problems,
we would turn our attention to non-equilibrium problems.
In a nonequilibrium problem, GF does not equal zero, it equals mass times
acceleration. In fact, there are only two things GF could possibly ever
equal - zero of ma. Thus we will be using:
ÓF=ma.
Once again, we are reminded that this is a vector equation, thus it
automatically breaks down into:
ÓFx=max
and
ÓFy=may.
This allows us to solve for the components of the acceleration in any
case and then to combine them back together to give us the full vector
form of the acceleration. Normally, it is easier and more conceptually
visible if you rotate your axes so that all the motion (and
acceleration, if they are in the same direction) lie along the positive
x axis. Then you can solve the problem by saying ÓFy=0 and ÓFx=ma.
This form of Newton's Second Law provides us with an important
method of solving more complicated problems. Once the acceleration is
solved for, it can be used in our one dimensional motion equations
(provided that the motion meets the criteria for those equations). In
fact, one of the most common types of problems is to use this law to
find the acceleration, and then use that acceleration to determine a
quantity of motion (displacement, final velocity, etc).
If you understood the problems in the previous section, there is
very little to explain about how to do these other types of problems.
In fact, they are done exactly the same way (with the exception of
putting ma in for 0). Lets look at two or three examples just to see
how these are done:
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Example 4.5.1
Consider a helicopter lifting a 10 kg box by a wire, as shown below. What is the tension in
the cord if the helicopter is:
a.)
accelerating upwards at 2 m/s2 ?
b.)
accelerating downwards at 2 m/s2 ?
c.)
moving upwards at 2 m/s?

Example 4.5.2
Now, repeat the exact same problem, but this time there is a strong wind pushing the box
behind the helicopter as shown below. Find the tension in the cord, and the force of the
wind, if the helicopter is:
a.)
accelerating upwards at 2 m/s2 ?
b.)
accelerating downwards at 2 m/s2 ?
c.)
moving upwards at 2 m/s ?

The first helicopter example shows us something very important, and it
is something that students often get confused with The tension in a rope does not equal the weight of the suspended
object unless it is in equilibrium.
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I cannot tell you the number of times I have seen students assume that
just because an object is connected by a string, the tension in the
string is equal to the weight of the object.
The second helicopter problem shows a good example of how these
problems work when the object is accelerating in one direction and is in
equilibrium in the other - thus we have the sum of the forces in the
vertical direction equaling ma and in the horizontal direction they
equal zero. In many of our problems, this will be the situation. It
will be rare that we encounter something that is accelerating in both
direction. Let us try two more examples:
Example 4.5.3
On an incline ramp of 25o (from the horizontal), a 100 N box is pushed up the incline at an
acceleration of 1.3 m/s2. Assuming that there is no friction, with what force is the box
pushed (assume the push is directed parallel to the surface of the plane)?

Example 4.5.4
Determine an equation for the acceleration of the block on the frictionless incline below
and derive an equation to find the time it would take the block to cover a certain distance
(starting from rest). In the process, also determine an equation for the normal force on the
block.

A few comments should be made regarding the last problem. First,
it shows us why it is sometimes easier to work with rotated coordinate
systems, where the motion is along the x axis. Secondly, it shows us
that we should work in variables first, then plug the numbers in. The
reason we do this is obvious if one takes the time to look at our
results. Our final formula does not involve mass at all, thus the mass
of the block should not matter. We would miss this result if we had
simply plugged in numbers from the beginning. Also, by working with
variables, we had made a general equation which is good for any similar
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physical situation. In other words, the formula we have written is now
applicable for any block on any frictionless incline plane (and we know
how many of them we encounter in our everyday lives!), regardless of
angle or mass of block. This result also allows us to notice patterns
in the situation. For example, consider raising the plane and consider
what would happen as è approaches 900. By knowing the result, we can see
if our equations for the normal force and the acceleration behave as we
think they should.
Before we move on to non-equilibrium problems with two objects, we
should take just a few minutes to mention “apparent weight” problems.
These are problems that occasionally show up in homework and tests and
often they cause some confusion.
In reality, they are not at all
confusing if you know the actual definition of apparent weight.
The apparent weight of an object or a person is the reading they
would register on a standard scale in the situation.
Standard
scales measure the normal force on a person, not their actual
weight. Thus, apparent weight is the normal force on a person.
But, you might ask, the normal force is the weight of an object.
Remember - that is not always true - in a previous chapter we mentioned
that the normal force and the weight are often equal, but we should not
assume that they are equal. We should always treat the normal force as
a variable and solve for it.
Consider the example of riding in an
elevator:
Example 4.5.5
What is your apparent weight (the reading on a typical bathroom scale) in an elevator that
is a.) accelerating at 3 m/sec2 upward? b.)accelerating at 3 m/sec2 downward? c.)moving
upward at 3 m/sec?

It is interesting to note that since a scale does not actually measure
your true weight, but rather the normal force, there are some other
factors that will throw off the weight shown on a scale. In fact, when
standing on a scale, your true weight is usually higher than what is
shown (assuming a completely accurately calibrated scale).
We will
visit some of these in later chapters.
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Non-Equilibrium Two Body Problems
When it comes to non-equilibrium problems in your standard physics
course, probably the most common types of problems are the two object
problems (pulleys, two object being pulled, etc). We visited this type
of problem back in the equilibrium chapter, but in those cases the
problems tended to be pretty simple. Here there are more tricks and
things to remember in order to solve the problems. However, there are
still two different methods for solving these problems. This is what
was said in the previous chapter about solving two object problems.
Method one is to treat each object individually. When you do
so, you draw a separate free body diagram for each object, and
write out separate sum of the forces equations for each object.
This will generally leave you with two unknowns, and two equations
which can be solved simultaneously.
Method two is to treat the entire system as one object.
Imagine stretching out the string so that the two objects are in a
line, and write all the force on the middle of that one object.
This is hard to put into words, but easier to see in practice.
This advice still holds true. Regardless of the method used, there are
three things that you should remember when approaching these problems:
1.)

Non-equilibrium two object problems will usually have two unknowns
(for example, the acceleration and the tension). Thus solving them
becomes a matter of finding two equations and solving them
simultaneously (using substitution or some other method). Think of
this as your goal: find two equations and solve - and the problems
become easier.

2.)

Remember that direction must be preserved along any strings - in
other words, you choose a direction to call positive and follow
that direction along the string (not along a straight line). So,
for example, in the case of a pulley with a weight hanging on each
side, positive might be down on the left and up on the right (see
diagram).
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3.)

Remember what we learned just a page or two ago - the tension in a
string is only equal to the weight of the object if it is in
equilibrium.
In these problems, the tension in a string is an
unknown, not the weight of an object.

Before we begin, let’s take more detailed look at the steps in each
process.
Method 1 - Dealing with Each Object Separately
This method is very direct and requires little explanation. You
simply write the sum of the forces for each object separately, as if
they were the only object in the problem. In general, this will leave
you with two equations and two unknowns. By solving these simultaneous
equations, you will end up with the answer. Once again, the main thing
to worry about here is preserving direction along the string.
Method 2 - Dealing with the Objects as a System
This method is a bit more elegant, meaning that it requires some
creative thought instead of just plugging in and writing down formulae.
What you do is that imagine that the entire system is one object.
You
write down the sum of the forces for the entire object. It is only
necessary to include the forces that come from outside the object (what
are called external forces), not any internal forces. For example, if
our situation involves a string, it is usually not necessary to write
down the tension as one of the forces since it is inside the system and
thus internal. A more precise description of why we don’t write it down
is that since it is internal, the system contains both the action and
re-action forces, and they would end up cancelling each other out. Once
all the external forces are identified, you simply do the sum of the
forces (in both x and y directions) on the entire system. This will
probably give you one of the unknowns. Once you have this unknown, you
will go back and do the sum of the forces on one of the objects, which
will allow you to find the second unknown.
So in the first situation, you write down the sum of the forces for
each object and thus find two equations, usually with two unknowns in
each. In the second method, you treat the system as one big object,
which allows you to find one unknown easily and then use that unknown to
find the last variable in the sum of the forces of one object.
Enough theory, let’s try this out:
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Example 4.5.6
Two blocks are connected as shown in the drawing below. If they are pulled with a force
of 30 N, what is the tension in the cord between them? Consider the rope to be massless
and the surface frictionless. Solve this problems using both methods.

This problem is relatively easy, and a perfect example of how to use
both methods. Let us move to a more difficult example.
Example 4.5.7
In the system below, m1 = 12 kg, m2 = 8 kg, and the incline is frictionless and has an angle
of 40 degrees. What is the acceleration and the tension in the string?

The next example is a classic physics problem, often called an “Atwood’s
Machine”. We will revisit this set-up in two other chapters showing how
to solve it in different ways and with added realism. It is important
to understand how to solve this problem using forces.
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Example 4.5.8
Consider the pulley system below.
a.)
find the acceleration of block A.
b.)
find the tension in the rope.
Imagine the pulley to be massless and frictionless.

Example 4.5.9
Use the result from the previous problem, and analyze it for the special cases of ma=mb,
ma>>mb, and ma<<mb.

Pulley Systems, Movable Pulleys, Boson’s
Chairs
Pulleys show up in a great many non-equilibrium problems in many
different ways. One of the most common types of problems was outlined
above, and it contains a fixed pulley. A fixed pulley is a pulley
attached to an object that is free to spin but not to move, as in the
examples above. However, pulleys also show up in a number of other
ways in problems - they can show up in systems, as movable pulleys,
and in the ever-present example of the boson’s chair. Pulley systems
are used to lift objects with less force than would be normally
required. Very often physics books ignore pulley systems, since they
are generally taught as part of a middle school science class. Just
in case you don’t remember it from Middle School, we will include a
section on pulley systems at the end of this chapter.
Movable pulleys are exactly as the name implies - they are
pulleys that are not fixed to an object, but are free to move. These
will show up in two object problems occasionally and they require a
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little finesse in order to solve the problem correctly. The main
trick is that the object connected to the pulley does not move at the
same rate as an object connected to the string around the pulley. For
example, consider the pulley shown below:

If you were to construct this, and then pull upwards at a certain
speed, you would find that the block would move up at half the speed
of your hand. This occurs because for every inch you pull the string
up, one half of an inch goes to each side of the pulley and the entire
thing only raises that amount. This makes pulley problems a little
tricky. Consider the problem below:

We would normally do this problem by doing the sum of the forces on
each object and setting them equal to ma for each object. But
remember that the block hanging from the movable pulley does not
accelerate at the same rate as block A. Thus you have two different
accelerations. Usually, this can easily be remedied because the two
are related (in this case one is half of the other).
Another thing that makes these types of problems particularly
tricky is that we do not preserve direction around a movable pulley.
The best way to treat a movable pulley in a problem is to treat the
pulley and the attached object as one complete object.
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This would mean, in the diagram above, that both tensions are counted
as being in the same direction (both positive or both negative,
depending on the problem). Notice how different this is from how we
treat a fixed pulley (such as in the Atwood’s Machine). Try using
this idea on the problem shown below.
Example 4.5.10
If block A has a mass of 10 kg, and block B has a mass of 8 kg, what is the acceleration of
each block and what is the tension in the rope? Treat the pulley as massless.

It is worth noting that in the previous problem there was a disclaimer
saying to treat the pulley as massless. If we did count the mass of
the pulley, that would essentially add to the mass of block B (there
are some other, technical issues we are ignoring, but that will be
revisited in a later chapter).
Now that we have some understanding about how to deal with
pulleys in problems, let us take just a few minutes to discuss pulley
systems. As was mentioned previously, this is often considered a
Middle School science topic, so we will go quickly and just touch on
the main ideas.
Pulleys are handy devices, because by combining them we can use a
system of pulleys to lift heavy objects with only a fraction of the
force necessary to lift them outright. There are six terms that
should be discussed in regards to pulley systems:
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Effort Force (E) - the amount of force necessary to lift the
object (this is the tension in the rope).
Resistance Force (R) - the weight of the object being lifted
Effort Distance (ED) - the distance over which the effort force
is applied
Resistance Distance (RD) - the distance the object is lifted
Ideal Mechanical Advantage (IMA) - the theoretical number of
times the system multiplies your effort force (IMA = ED/RD)
Actual Mechanical Advantage (AMA) - the actual number of times
the system multiplies your effort force (AMA = R/E)
So if a pulley system has an AMA of 5, it would only take 20 N of
force to lift a 100 N object. However, you would have to pull 5
meters of rope to lift the object 1 m high.
A sticker for details would notice and mention that in actuality,
for an AMA of 5, you would have to give more than 20 N to move a 100 N
object. This is true. If you pulled with 20 N, the object would be
in equilibrium. To move it you would have to pull with a slightly
greater amount. Most books tend to ignore this detail, and we will as
well, assuming the reader knows that the numbers given are to hold
equilibrium and to move it would require a bit more.
The IMA of a pulley system can be found in a very easy, direct
manner without doing any calculations. The IMA of a pulley system is
found by counting the strings that directly support the weight.
Consider the two systems below, which are combinations of fixed and
movable pulleys.

In the diagram on the left, there are three strings directly
supporting the weight, and on the right there are four strings. Thus
an IMA of 3 and 4, respectively. If we wanted to make a free-body
diagram for each of these systems, it would explain quite easily how
we can lift an object with less force than it weighs.
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Looking at the diagram, we see that for the IMA of 3, we have 3
tensions equaling the weight or 3T = mg. Since the tension is what
you are holding, T = mg/3 and you only have to lift with one third of
the weight. Likewise, for the IMA of 4, we have 4T = mg, and you only
have to lift with one fourth of the weight of the object.
There is a trade off, of course, and that is in distance. As
mentioned, whatever you gain in force, you lose in distance.
Although we have been talking about the IMA, we can also ask
about the AMA. Since IMA is ideal, and AMA is actual, it would make
sense that the AMA is always lower than the IMA. The reason for this
is fairly obvious: friction.
Before we proceed, we should make a technical note here - often
in pulley problems, the strings are drawn with slight angles (as in
the diagrams above). To be very precise, we would have to do a sum of
the forces in the x-direction in order to get an accurate value. We
often ignore this and assume that all the strings are completely
vertical when doing pulley problems.

Example 4.5.11
Find the IMA of the system below. If it takes 28 N to lift a 40 N object, what is the AMA?
If you pulled the rope 50 cm, how far would the object lift?
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Example 4.5.12
Draw a pulley system with an IMA of 6.

There is one last pulley topic to discuss before we move on to
the next major topic and that is the Boson’s chair. The Boson’s
chair, or some variation of it appears in almost every physics text
book in one form or another. It is a device constructed as shown
below.

In such a chair, a person sits and pulls themselves upwards by using
the rope in front of them. Since the rope is attached to the chair,
and they are also holding it, it only takes half the force to lift
yourself in such a manner.
One very common problem that is asked regarding the Boson’s chair
is shown below.
Example 4.5.13
A window washer hoists themselves up the side of a building using a Boson’s chair. He
weighs 800 N and the rope can only sustain 600 N. Can he successfully hoist himself up
the building? Once up at the desired floor, he gets lazy and decides to tie the rope to a
windowsill instead of holding it. What happens now and why?

Practice Problems
Example 4.5.14
A box is dragged across a floor with a force of 100 N at an angle of 30 degrees up from
the horizontal. The floor is rough and gives a force of 25 N of friction horizontally against
the motion. Find the acceleration and the normal force on the block.
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Example 4.5.15
If you are in a roller coaster that launches you horizontally with an acceleration of 15 m/s2,
what would be your apparent weight and what direction would it point? Answer in terms of
your regular weight.

Example 4.5.16
In the diagram below, the mass of block A is 4 kg and the mass of block B is 9 kg. The
pull is directed at 40 degrees up from the horizontal and has a value of 75 N. Find a.) the
acceleration of both blocks, b.) the normal force on block B, and c.) the tension in the
rope connecting them.

Example 4.5.17
In the diagram below, block A has a mass of 10 kg, block B has a mass of 15 kg, angle 1
is 60 degrees, and angle 2 is 30 degrees. Find the direction and the value of the
acceleration and the tension in the rope.
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Example 4.5.18
In the set up below, m1 = 8 kg, m2 = 10 kg, and m3 = 4 kg. Find the acceleration of the
system and the tension in each rope.

Example 4.5.19
If the box on the pulley system below has a weight of 200 N, how much force is necessary
to raise the box at a constant speed? What is the IMA of the system?
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Example 4.5.20
If block A has a mass of 10 kg, and block B has a mass of 8 kg, what is the acceleration of
each block and what is the tension in the rope? Treat the pulley as massless.

4.6 Friction Problems
Solid Friction
We have, in the previous examples, occasionally thrown in a
problem with friction. However, we did limit ourselves to situations
where we simply stated, “Friction is 25 N” or something like that. In
this section, we will examine how friction works and we will be able
to incorporate it more accurately into our problems. There are a
number of different types and divisions of friction. In this chapter
we will discuss two main types: solid friction and fluid friction. We
begin with solid friction (friction between two solid objects). We
will start our discussion with a conceptual understanding and then
move on to our mathematical treatment.
If we consider resting a brick on a piece of wood on a level
surface, commons sense will tell us that the brick will simply stay
where it is put. But if we incline the plane slightly and do a force
analysis, we will notice that the weight of the brick now has a
component down the plane (mgsinè) and we would expect the brick to
accelerate down the plane. However, common sense also tells us that
this is not the case. Another example to consider is a block pushed
across a table and released. It will not seem to follow Newton’s
Laws, it will not continue forever. We know that we have left out an
important factor that would make our problems more realistic. That
factor is friction. Friction is a reactionary force that can arise
from surfaces in contact and opposes the intended relative motion of
two objects. This definition is simple on the surface, but requires
two comments to clarify its deeper meaning. First, notice that the
term reactionary is used and not reaction. This is an important
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distinction, since we are not talking about action-reaction pairs in
this case, we are talking about a force that is only present because
of certain circumstances (friction, like all forces is part of an
action reaction pair, but it is also reactionary to some other force).
Just exactly what we mean by reactionary will be made clearer in the
following paragraphs. It should also be noted that we said that
friction opposes the relative motion of the two objects in contact and
does not necessarily oppose the motion of the entire object. A
perfect example of this false paradox is the motion of an automobile.
It is the force of friction between the tires and the ground that
causes an automobile to move forward, but if we look at the direction
of motion of a small piece of rubber on the tire in contact with the
ground, we will see that it is attempting to move backwards (see
diagram). This is also the same situation that arises when a person
walks.

Also notice that the definition says intended motion. Things do not
have to move to produce friction, they just have to "try" to move. A
better of way of saying this is that friction will show up opposite
the motion that would occur if it wasn't there.
Friction comes in many forms, but most commonly it is divided
into solid friction (friction between two solid objects) and fluid
friction (between a solid and a liquid or a solid and a gas). Our
discussion will focus only on solid friction, with some fluid friction
considered at a later date.
Solid friction has many causes, but they can all be summed up by
saying that no surface is rigid, no surface is smooth, all particles
are attracted to each other, and our knowledge is limited.
By saying that no surface is rigid, we mean that all surfaces
"give" a little when another object is placed in contact with it. If
we place a brick on a piece of metal, a small indentation forms
underneath the brick, and moving the brick requires it to break free
from this rut (see diagram).
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This effect occurs in all materials, although obviously in different
degrees for steel and marshmallows.
Saying the no surface is smooth means exactly that. Even
materials that you think are smooth (glass, silver, etc.) are very
rough and irregular if you simply look at them under a higher
magnification (As a side note, the flawed mirror on the Hubble
telescope is incredibly smooth compared to other objects. If it were
to be expanded to the size of the state of Texas, the largest bump
would the size of a golf ball. However, expanding it further would
show it not to be smooth.) If we consider two objects trying to slide
across each other and look at them under a magnification that shows
their irregularity, we might have a situation like the one shown
below. The black and the grey are materials and the white area is the
space between them.

Imagine trying to push one of these materials across the other. It
would be like trying to push an inverted mountain range across a
mountain range. As the peaks hit, they offer resistance and thus slow
or prevent the motion. Another interesting thing is that after they
pass, there will be little pieces of the white material broken off and
imbedded into the grey and visa versa. Think about that next time you
rub your hand across a desk. If you imagine filling the white gap
with oil, you can begin to see how lubricants work, by keeping the two
surfaces apart and allowing the friction between the surfaces and the
oil (which is considerably greater) to act instead of the surfacesurface friction.
When we say that all objects are attracted by forces, we mean
that the surface particles of any material will feel a force of
attraction from the surface particles of any other material to which
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they get close. The two materials are in fact pulled together by
these forces and the "bonds" that form must be overcome in order to
move or separate the materials. These bonds are formed by the so
called Van der Waals forces that were probably mentioned in your
chemistry class. Van der Waals forces are today believed to be one of
the major causes of friction, and their effect can be seen if we
manage to eliminate the other effects (as much as possible). For
example, if we take two very rigid surfaces and make them smoother and
smoother, the friction will generally decrease. However, there will
come a point where making them any smoother will actually result in an
increase in the amount of friction because the particles are allowed
to get so close together that the Van der Waals forces increase
tremendously.
The final cause of friction is simply unknown. There is much
that we don't know or understand about how friction works and there is
much research that needs to be done.
It should be remembered that friction is not necessarily a bad
thing. In fact, at times it is indispensable. Without friction we
could not drive a car (or stop a moving car!), we could not walk, we
could not write, and any slight disturbance would send a piece of
furniture sliding across the floor. Friction is a useful part of our
universe.
Now that we understand some of the causes of solid friction, we
should turn our attention to some of the factors that do and do not
affect friction. Friction is of course dependent on the nature and
types of the materials in contact. Each and every different pair of
materials will generate its own amount of friction. For instance,
dragging a brick across fabric will result in a different amount of
friction than dragging a brick across wood.
Surprisingly, solid friction is practically independent of
surface area in contact. If we pull a rectangular brick across a
block of wood, we will generate the same amount of friction regardless
of the side that we put face down. This means that as far as traction
goes, tire width has no effect on performance. Bicycle tires will do
as well as balloon tires do. Sports and race cars have large, wide
tires for reasons other than traction (please remember, however, that
in this comparison we are comparing tires made of the same materials
with all of the properties the same, other than size).
What may also seem surprising is that solid friction is
unaffected by velocity. A brick being dragged at 3 m/s will be
affected by the same amount of friction as the same brick being
dragged at 30 m/s. It is also worth mentioning that the two factors
that do not affect solid friction (surface area and velocity) are the
same two factors that most affect fluid friction.
Temperature will also affect solid friction to a small,
unpredictable degree. In some cases it will increase it (by expanding
the irregularities and reducing the rigidity) and in some cases it
will decrease it (by reducing the effects of the Van der Waal's
forces).
Most importantly, friction depends on the force that is pushing
the two objects together. Many books say that friction is dependent
on the weight of the object being moved, but in fact it is dependent
on the contact force or the normal force on the object. Since normal
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force is often not equal to the weight, it is more correct to say the
latter. In fact, solid friction is directly proportional to the
normal force. Thus the formula that gives us the value of the force
of friction on an object is:
Ff=ìN.
Where ì is called the coefficient of friction for the two materials in
contact. As was stated earlier, every different pair of materials
will result in a different amount of friction, thus there is a
different ì for each pair of materials. In actuality, the different ì
are measured experimentally and there is no theoretical way to arrive
at their values. The equation above is really a definition for ì, not
for the force of friction. The astute student will notice that ì has
no units, it is a ratio quantity (ì = Ff/N) thus is unitless. Also,
notice that the equation above is not a vector equation, if it were,
then friction would point in the direction of the normal force and we
know that is not the case. The above equation is only for the
magnitude of the force of friction and its direction is given
logically as opposite to the direction of intended motion. Notice
that this means friction will always act parallel to the surfaces in
contact.
There are really four types of solid friction; static, starting,
kinetic (or sliding), and rolling friction.
Let us look at each of
these briefly.
Static Friction(ì) - friction between two objects that are not in
motion relative to one another
Starting Friction(ìs or ìmax) - the maximum value of static
friction, meaning that the two objects are just at the breaking
point of moving.
Kinetic Friction(ìk) - friction between objects in motion
relative to one another.
Rolling Friction(ìr) - this is a type of friction that is
actually the result of a number of different factors, and is
mostly used as an engineering term with respect to rolling
objects.
Regardless of the type of friction, its value is still always Ff = ìN,
we simply have a different coefficient of friction (ì) for each
situation (as shown above). In order to investigate these types of
friction, it is best to simply do some problems regarding each type
and draw some conclusions. The first example shows us some
interesting things about static friction.
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Example 4.6.1
Imagine a box weighing 10 N resting on the floor. Suppose you attempt to push the box
with a force of 3 N and it does not move. What is the force of friction and what is the
coefficient of static friction in this case? If you push with 5 N and it still does not move,
what forces have changed?
This example illustrates an interesting fact, and that is that ìs
(the coefficient of static friction) changes as the force applied
changes. The friction adjusts itself to the particular situation.
This is exactly what was meant earlier when we said that friction was
a reactionary force. As the applied force increases, more friction is
needed to maintain equilibrium, and this friction arises from an
increase in ì (not really, but it is helpful to think of it in that
way). If there is no applied force, there is no ì, and thus no
friction. But common sense tells us that if we push hard enough, the
block will accelerate. This can only be explained by saying that ìs
cannot increase forever. There must exist some maximum value for the
coefficient and that maximum value is called the starting coefficient
(that is what is usually given as ìs since we cannot really give a
value for the static coefficient except in very particular
circumstances). Thus the starting coefficient (ìs) of friction is
defined as the maximum value of the static coefficient for a
particular set of materials.

Example 4.6.2
What is the maximum frictional force that can exist on a 23 N block on a surface with a
coefficient of starting friction of 0.63.

Example 4.6.3
If a 20 kg block is placed on a ramp that makes an angle of 30 degrees with the horizontal,
and it does not move, what is the coefficient of static friction?

Example 4.6.4
A 30 kg block is placed on a level surface and is pulled by a rope that makes an angle of
45 degrees to the horizontal. If it does not move, what is the coefficient of static friction?
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Example 4.6.5
Suppose a 30 kg block was resting on a floor with a coefficient of starting friction of 0.46.
If a person tried to push the box with a force of 100 N, would it move? What would
happen if the person pushed with a force of 150 N?
The above example illustrates a trap that is easy to fall into you cannot answer the last question. We must remember that ìs is only
good for cases where the object is at rest. You may recall that there
was a different category called kinetic friction and this covers
moving objects. Therefor, we cannot determine the acceleration from a
problem that only states ìs.
We can only determine whether or not
the object the object will move. A simple set of rules can be
determined that will tell us whether or not the object does indeed
move. If we assign the direction of intended motion as positive, and
use the coefficient of starting friction, then:
If ÓF<0, the object will not move.
If ÓF>0, the object will move.
If ÓF=0, the object will not move (the cut off point).
Because we can't use ÓF=ma for these problems, it is often convenient
to write these as:
ÓF=?
because we are only interested in whether or not the above term is
positive or negative. Beyond the sign of our answer, however, it is
important to remember that the answer has no actual physical
significance. This is worth repeating:
When you are doing a problem with static friction, all you can
determine using the sum of the forces is whether or not the
object moves. The sum of the forces, numerically, has no real
meaning beyond telling you that the object either moves or stands
still.
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Example 4.6.6
A block of mass m is placed on a plane and the plane is raised until the block begins to
move. At that point, the angle between the plane and the horizontal is è. What is the
coefficient of starting friction?

Example 4.6.7
Use the above formulas to determine a formula that will simply tell you when a block on an
incline will begin moving.
Remember, the above formula only holds true for situations that match
the conditions in the previous problems. Now another example of how
this works in a slightly different situation.
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Example 4.6.8
Suppose a refrigerator magnet that has a mass of 75 g and can exert a pull of 2.0 N is
placed on a refrigerator that has a coefficient of starting friction 0.4. Will it stick or slide
down?

The refrigerator is a perfect example of a situation where the
normal force in a friction problem is not even related to the weight
and thus the friction is not related to the weight. Also, it is
interesting to note that without friction, refrigerator magnets would
not work at all. If there was no upwards force, then regardless of
how strong a magnet was, it would slide down a refrigerator.
The previous examples are all excellent cases of how to solve
problems involving static friction, but we must remember that these
problems only tell us whether or not something will move, and tell us
nothing about how it will move. We have already stated that there is
a different coefficient for moving objects compared to objects
standing still, and that coefficient is called the coefficient of
sliding friction or the coefficient of kinetic friction (ìk). If you
have ever tried to move a box across a rough floor, you may have
noticed that you push and push and then once it is moving it is easier
to keep moving. The reason is that the ìk is always less than the ìs.
In short, the friction as you push gets higher and higher and then,
once the box begins to accelerate, the friction drops and remains at a
constant value (see graph).
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It remains at this constant value, you remember, because we said
that solid friction does not depend on speed. This also means that
once an object reaches it's breaking point, it will begin to move, the
friction will go down, and the force that previously was just barely
enough to move it will become a force strong enough to accelerate the
object. Notice how illogical it would be if ìk > ìs. An astute
student would be able to explain what craziness would occur. (One way
to think about the fact that ìs acts until it is overcome is to
consider that it is similar in concept, but not detail, to the
behavior of heating a material through a phase change. The material
will continue to absorb heat, but the temperature will not rise until
the material completely changes phase. Then it continues unabated.)
Now we also have a way to calculate the acceleration, by using a
different coefficient of friction for the part of the problem that
involves motion.

Example 4.6.9
A 20 kg block rests on a surface with a starting coefficient of 0.4 and a kinetic coefficient
of 0.3. It is pushed by a 80 N force.
a.)
Show that it will move.
b.)
Determine acceleration.
c.)
If this force acts for 16 seconds, what will be the velocity of the block at the
end of this time?
d.)
Suppose after the 16 seconds are up, the force stops. How long will it take
for the block to come to rest?
The above problem is important, because each section shows a
different aspect of friction. Parts a and b are obvious, while part c
shows us how to incorporate our equations of motion into the friction
problem and part d clears away a major misconception (remember, just
because something is moving, it does not necessarily follow that there
is a force pushing it).
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Example 4.6.10
Consider a 60 kg block being pushed as shown below. If the force is 400 N and the
kinetic coefficient is 0.2, what is the resulting acceleration?

Once again, we have a perfect example of a situation where the normal
force is not equal to the weight of the object, but instead is
affected by other forces in the problem. You should always "solve"
for the normal force instead of assuming it's value (unless, of
course, the problem is very simple and obvious). The last example in
this section will show us how to do a rather involved force problem
that takes friction into account.

Example 4.6.11
On the setup below, what is the minimum value for the weight of block B such that we
have equilibrium?
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Before we leave and move on to fluid friction, we should mention
a few things about rolling friction. Many first year physics books do
not spend a great deal of time on rolling friction, and some simply
leave it out all together. Rolling friction is a combination of all
the factors that affect an object rolling across a certain surface.
For example, when a rubber tire rolls across a road, the heat causes
the rubber to stick slightly, the pressure causes the tire to deform
from a perfect circle, etc. All of these factors put together
contribute to the coefficient of rolling friction (ìr). These
coefficients tend to be very, very, low. Problems involving rolling
friction are done in exactly the same manner as any other friction
problem.
There is another aspect to rolling which is worth considering.
Although it rarely comes up in mathematical problems, it does
occasionally shop up in conceptual, or multiple choice problems. If
we consider a wheel rotating on a car, it is spinning at some angular
speed (ù), and thus each point has a tangential velocity of vt - which
is the same as the linear speed of the car. That speed, however, is
measured relative to the car. If we measure the speed of a point on
the wheel relative to the ground, it would be a relative velocity
problem. We would find that the speed of the top of the wheel turns
out to be 2V, and the speed at the bottom is zero.

If we consider what this means for a wheel, we see that the tire
itself is not in motion relative to the road, as long as it is
spinning. Thus the friction between the road and the tire is static
friction. If the tire slips, then the friction becomes kinetic and
actually decreases. This is the thinking behind anti-lock brakes. As
long as the tire is rolling, without slipping, you have the maximum
friction, and thus the shortest possible stopping distance. If the
tires “lock up” and don’t roll, the friction actually goes down.
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Practice Problems

Example 4.6.12
A box weighing 300 N rests on a floor with a ìs = 0.4, and a ìk = 0.3. If it is pushed with a
force of 250 N,
a.) Show that the box will move.
b.)
Find the acceleration of the box.
c.)
Find the displacement of the box after 20 seconds.

Example 4.6.13
A 1400 kg car is traveling at 20 m/s along a road at equilibrium. It hits a patch of gravel
with an effective coefficient of ìk = 0.2. The gravel patch is 20 m long. Assuming that the
all other factors remain the same (besides friction, no other forces on the car will change),
what is the final velocity of the car when it leaves the patch.

Example 4.6.14
Find the value of m that would keep the system below in equilibrium if the horizontal
surface has a ìs = 0.5
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Example 4.6.15
An incline plane has an angle of 35 degrees from the horizontal and ìs = 0.3, and a ì k =
0.45. On it rests a 300 N box. Find the following:
a.)
b.)
c.)
d.)

the force necessary to hold the box in place if you push from below the box
and you push parallel to the plane.
the force necessary to push the box up the plane if you push from below the
box and you push parallel to the plane.
the force necessary to hold the box in place if you pull from above the box
and you pull parallel to the plane.
the force necessary to pull the box up the plane if you pull from above the
box and you pull parallel to the plane.

Example 4.6.16
On an incline plane with an angle of 40 degrees to the horizontal, a 100 N box is projected
up the incline at 3 m/s. If it has a ìk = 0.4, how long does it take to come to a stop?

Example 4.6.17
On an incline plane with an angle of 40 degrees to the horizontal, a 100 N box is projected
down the incline at 3 m/s. If it has a ìk = 0.8, how long does it take to come to a stop?

Example 4.6.18
What would be the acceleration of the system below if the ramp has a ìk = 0.3, and an
angle of 35 degrees from the horizontal?
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Example 4.6.19
The box below is pushed with force of 400 N, in a direction as shown in the diagram. The
floor has a ìk = 0.2. What is the acceleration of the box?

Example 4.6.20
If it takes 400 N to cause a 1500 kg car to start moving on a flat surface, what is the ìr?
Assume all four wheels support the car evenly.
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Fluid Friction
As mentioned in the previous discussion, fluid friction is
considerably more complicated that solid friction, and there is a
great variance between how it is covered and treated in different
physics books. Generally, there is only a small section regarding
fluid friction in first year physics text books.
One of the major reasons that fluid friction is more complicated
than solid friction is that it depends on the velocity of the object.
If you consider this for a moment, you may see that since the velocity
of an object will change, then the force of friction will change, thus
the acceleration will change. Anytime we have changing acceleration,
this means we cannot use our simple equations of motion, and instead
will have to rely on Calculus to give us equations of motion. Since
the majority of this text, and most first year physics textbooks do
not use a great deal of Calculus, this means that in general you will
not be doing problems that involve displacement with fluid friction.
As was mentioned, fluid friction gets tricky, but we will provide
a basic understanding of fluid friction here, along with the most
common types of fluid friction problems. However, just to be
specific, we should also state our assumptions. In order to do any
problems with fluid friction, we have to limit ourselves right off the
bat, or we would have too many issues to address to make any progress.
Our assumptions in this section are:
1.) The fluid (liquid or gas) is incompressible.
2.) The object is blunt shaped (like a ball - not like a canoe)
3.) The object is moving relatively fast through the fluid,
creating standard turbulence behind the object (fast is a
very relative term, based on the fluid).
As you can see, it is very rare that all of these conditions are met
for an objects entire motion. But to do even a simple treatment of
fluid friction, we need to make some big assumptions. This is why,
even at some of the higher levels of physics and engineering, when
they try to deal with fluid friction, they don’t usually do so
mathematically. Instead they will try to get an answer experimentally
or through a computer simulation. We, however, will try our best.
It is very important to conceptually understand how fluid
friction works before we dive into the problems. Let us consider the
following situation to discuss fluid friction.
Imagine that an object is dropped from a great height and we will
follow three things as the object falls: the air resistance, the net
force, the velocity, and the acceleration.
1.)

At the moment it is dropped:
air resistance = 0 (since it is based on velocity)
net force = weight
acceleration = g (since on the weight is affecting it)
velocity = 0 (and about to increase)
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2.)

After a short period of time
air resistance is pointed upwards
net force is less than previously
weight minus the air resistance
acceleration is less (since it is
velocity is greater (although the
still accelerating, meaning it is

(against motion)
(because it is the sum of the
based off net force)
acceleration is less, it is
gaining speed.

3.)

After more time has passed,
air resistance has increased (because speed has increased)
net force has reduced (since air resistance has increased)
acceleration has decreased (based on net force)
velocity is greater (since it has continued to accelerate)

4.)

After a long time has passed (an infinite amount of time)
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air resistance has become equal to the weight of the object
net force has become zero
acceleration has become zero
velocity is at its maximum value and constant.

So looking at this, we can see that has happened is the following:
An object is dropped with air resistance The air resistance starts at zero and increases until it equals
the weight of the object.
The net force starts at the weight of the object and decreases to
zero.
The acceleration starts at 9.8 m/s2 and decreases to zero.
The velocity starts at zero an increases until it reaches a
constant rate.
This constant rate of velocity is called the “terminal velocity”.
Once an object reaches this speed, the air resistance exactly
counteracts the gravity and it is in equilibrium. It will continue to
fall, but it will no longer gain any speed. Terminal velocity is
different for every different object, and is based on the object
weight and shape. A human beings terminal velocity is (on average)
between 150 - 300 mph depending on the size and the orientation of the
person as they fall.
There are two main equations that can be used in the case of
fluid friction. The first is an equation for the drag force. The
drag force is the value of the fluid friction on an object and is
given by:
FD = (1/2)CñAv2
Where C is drag coefficient (usually found experimentally) for the
object, ñ is the density of the fluid, A is the effective cross
section of the object and v is the velocity of the object. Two notes
should be made at this point: 1.) Remember to watch your units when
working with density. Very often density is given in g/cm3, but to
use MKS units, you will need kg/m3 (the conversion is to multiply by
1000 when going from g/cm3 to kg/m3).
2.) The effective cross
section means the amount of area perpendicular to the motion of the
object. For example, if a pencil was being dropped point down, the
effective cross section would be a circle with the same diameter as
the pencil. If a pencil was dropped sideways, the effective area
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would be a rectangle the length of the pencil times the diameter.
The second equation that is occasionally used has to with
calculating the terminal velocity of an object. Considering the
equation given above, and knowing that the terminal velocity occurs
when the drag force (air resistance) is equal to the weight of the
object, we can derive a simple relationship:
vt2 = 2mg/CñA
Let us try to use these equations in a few examples.
(It is helpful to know that the density of air is approximately 1.2
kg/m3 at normal temperature and sea level).

Example 4.6.21
A 75 kg parachutist is in free fall at terminal velocity of 140 mph when in “spread eagle”
position. When he goes head first, he achieves a terminal velocity of 300 mph. Find the
product of the coefficient of drag times the area in each position.

Example 4.6.22
A ball of radius 0.1 m with a mass of 3 kg and a coefficient of drag of 0.8 is dropped from
an airplane into a lake. Find the terminal velocity in the air, and in the ocean.

Example 4.6.23
Consider a car with a cross sectional area of 3 m2, and a coefficient of drag of 0.6. What
is the drag force on such a car traveling at 10 mph? 20 mph? 30 mph? 40 mph? 50
mph? 60 mph?

Example 4.6.24
If a car has them same measurements as above, and has a maximum forward thrust of
5,000 N, what is its maximum speed given a rolling coefficient of friction of ìR = 0.02 and a
mass of 1000 kg?
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4.7 Forces and Circular Motion
Circular Motion Revisited
Because of the many different ways that these ideas are presented
in different textbooks, you may or may not already have been
introduced to the basic ideas of circular motion. This first subsection is a repeat of the ideas of circular variable (è,ù,á),
tangential variables (d, vt, at)and centripetal acceleration (ar or
ac). If you have already learned this material, you should skip this
section or use it as a review. New material begins with the subsection titled “Centripetal Force”.

The Angular Variables
We began our discussion of motion by focusing on motion in a
straight line, then moved on to projectile (or two dimensional)
motion. There is yet another type of motion that we should deal with:
circular motion. Circular motion can be viewed as either two
dimensional motion (since it occurs in a plane and not on a straight
line) or one dimensional motion (where the dimension simply wraps
around a circle and back onto itself). If we view it as one
dimensional motion, where the circle is continuous (with 3600 just
happening to fall at the same physical location that 00 does) then
mathematically the motion is easier to understand.
The actual definition of circular motion is motion of an object
about some external point which is called the axis or center of the
motion. In the cases we will be dealing with, the distance from the
axis to the object will be considered a constant. To an outside
observer, this motion occurs along a circular path (special note:
generally we consider the object to be very small in relation to the
radius, or else we will have different radii for the different parts
of the object. It is best to think of the object as a point mass).
It should be noted, however, that there is another type of "circular"
motion that we will be dealing with. This occurs when the axis of
rotation is inside or on the object. When such a situation occurs, we
call it rotational motion. Note that in rotational motion, the
concept of radius in general is useless. Each point on the object
will have a different radius. In this case, we either talk about the
object as a whole (never mentioning radius) or we discuss the motion
of one point on the object and its corresponding radius.
When dealing with circular motion, it is convenient to change
coordinate systems. We are used to locating a point on a plane by
assigning it a name consisting of an x and y variable. This is called
the Cartesian or rectangular coordinate system. For example, if we
say the particle is located at (3,7), we are giving its location as 3
units to the right and 7 units up from the origin. There exist many
other different coordinate systems that would have located the
particle equally as well. In circular motion we use polar (sometimes
called plane polar) coordinates to locate a particle. Instead of x
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and y, we use r and è. When we say that the particle is at (7, 450)
we are saying that its r value (the distance from the origin) is 7
units and it is at a 450 angle from the +x axis (see diagram).

This may seem very similar to our vector notation, and indeed it is,
however there are some very important and subtle differences. The
main difference is that vector notation indicated the direction of a
quantity and polar coordinates only give the location of a single
point. However, your understanding of vectors should make working in
polar coordinates easier.
Imagine the point on the above diagram were execute circular
motion. In that case, consider your answer to the first question of
motion ("Where is it?"). You would give your answer as a distance r
and an angle è. Since r is assumed constant for true circular motion
in our discussion, your complete answer could just be an angle è. In
fact, the particle is only moving in one direction, the è direction.
When you give the position of the particle, you would give an angular
measure, such as degrees ("The particle is at 1290"). Although
degrees are an acceptable unit to measure angles in, in math and
science it is better to use radians. One radian is defined as the
angle subtended by an arc equal to the radius of the circle. In other
words, imagine a circle like the one below, positioned on a coordinate
system. Start at the +x axis and begin going around the outside of
the circle counter clockwise for a distance equal to the radius. The
angle inside the circle that is underneath this arc is one radian.

One radian is equal to about 580.
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circle, if you followed the above procedure, there would always be the
same angular measure under the arc. The mathematical definition of
the measure of an angle is radians is given by:
è=arc length/radius
Many of you may remember this from math class, where you had to find
the arc length of a segment around a circle. Please remember that
this formula only works if the angle is measured in radians.
The above formula shows us that in a complete circle there is a
total of 2ð radians (since the arc would be the circumference). This
leads us to a very useful conversion method to and from radians and
degrees:

Since ð is such a prominent part of the definition of radians, an
angle in radians is often expressed in terms of ð. For example, 600
is often written as ð/3 radians and 450 as ð/4. Although this method
of writing an angle is convenient, it sometimes causes the student to
forget that the angle measure is a number. Since ð is a number
(3.14159...), ð/3 radians is 1.0472 radians. Keep that fact in mind
when you work in radian measures.
Another angular measure sometimes employed in physics is
revolutions. One revolution is simply 2ð radians or 3600 (all the way
around the circle).
Now that we understand how to represent the position of a
particle in circular motion, we can proceed to some definitions.
In circular motion we no longer identify the position or
displacement of a particle with a measure in distance, we use an
angle. Thus we have what is called angular displacement (Äè) which is
the angular change in position of the particle. If the angular
displacement of the particle is 2 rad, for example, that means that
over the time period considered, the particles position changed a
total of 2 radians. Remember that angular displacement is a change,
thus

Äè = èf-èi
We also might be interested in how quickly the particle moves
around the circle. This is given by the angular velocity of the
particle (ù), which is defined as the time rate of change of angular
position. Mathematically,

ù =(èf-èi)/t
The reader should note that the above definition is only good for
average angular velocity, since we run into the same problem as was
discussed previously for instantaneous velocity. The units of angular
velocity are radians per second (rad/sec), or likewise any other
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angular measure per second (rev/sec, degrees/sec, or even revolutions
per minute). I believe the reader understands the meaning of angular
velocity from their previous experience with velocity, an angular
velocity of 8 rad/sec means the particle covered an average distance
of 8 rad in one second (or some ratio equal to that). It should be
noted, as an aside, that angular velocity is a vector and thus has a
direction. For our purposes, we should consider the direction to be
according to the diagram below, where counter clockwise is positive
and clockwise is negative.

You may have noticed that I said "for our purposes", which means that
this is not really the case. It is a simple and direct way to assign
a direction, but in reality the angular velocity of an object in
circular motion has a direction perpendicular to the plane of the
motion (don't even ask why). For now, though, we can just refer to
the direction as CCW or CW (+ or -).
An astute observer will have already guessed where we are headed
next with this discussion, to a definition of angular acceleration.
Angular acceleration (á) is the time rate of change of angular
velocity, thus:

á = (ùf-ùi)/t
Angular acceleration answers the same question as regular acceleration
does, "how fast is it getting faster?" It tells you how quickly the
angular velocity of an object is changing. If was say an object has
an angular acceleration of 3 rad/s2, we mean that every second that
goes by, the velocity changes by 3 rad/sec.
Having an understanding of the angular variables, we can now go
immediately to using them mathematically. Our equations of motion are
the same as they were in the one dimensional motion case, with a
simple substitution of variables:

ùf = ùi+áÄt
Äè = ùit+(1/2)áÄt2
ùf2 = ùi2+2áÄè
LetsLearnPhysics

-

Chapter 4 -

Page 80

Without further ado, let us begin the examples.

Example 3.3.1
An object in a circular path has an initial angular velocity of 6 rad/sec and experiences an
angular acceleration of -0.3 rad/sec2. How long does it take to come to a stop?

From this example we see how easy it is to use these equations once
one has a grasp of motion in general. The next example brings up the
point of units in angular problems. The units used for angular
measure are arbitrary, you can use radians, degrees or revolutions, as
long as you are consistent in your usage.

Example 3.3.2
An object in circular motion begins at rest and angularly accelerates at 3 rad/sec2. How
long does it take to complete 4 revolutions?

The last example could have been done either completely in
revolutions or in radians, as long as all the units matched in the
problem. One last example to make sure you have not gotten rusty with
these equations.

Example 3.3.3
An object in rotary motion begins with a velocity of 25 rad/sec and accelerates at 2
rad/sec2. How long does it take to complete 45 revolutions?

The Tangential Variables
We have been discussing how an object moves in a circle by using
the angular variables to describe its motion. However, as anyone who
has rounded a turn in a car can tell you, objects moving in a circular
motion also have a regular velocity, measurable in meters per second.
The example below shows you how to calculate that velocity.
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Example 3.3.4
With what speed does the earth orbit the sun? (distance from earth to sun=1.5x1011 m)

This type of speed is generally referred to as tangential velocity
when it is used to describe a particle in circular motion. It is
termed tangential because of its direction. The velocity vector
continually points tangential to the circle as the particle moves, as
illustrated below.

The particle can be seen as having two velocities, one angular
and one tangential. This concept, of applying "regular" velocity to
an object in circular motion can be extended to our two other
descriptive terms, displacement and acceleration. When we discuss the
distance traveled, we are really referring to arc length covered
during the motion of the object. Along the same lines, we could also
discuss the tangential acceleration, which would be the acceleration
the object would have if it were traveling in a straight line (in
m/s2). As you may have figured out, the tangential velocity and the
angular velocity are related, in fact all three pairs are related in
the same way. The relation is a simple one, the tangential variables
are equal to the angular variables times the radius of the circle.

arc length = Äèr
vt = ùr
at = ár
The equations above are very important, simple relationships and
the student should commit them to memory. They come, however, with
one caveat: all angles must be in RADIANS for these equations to work.
This is just another example of why radians are a more “natural” way
to measure angles, since they fit the equations easily.
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Very often, the "regular" or tangential variables are referred to
as the linear variables. An astute student, after viewing the above
equations, might ask: "How can those equations be true when the units
don't work out? On one side of the velocity equation you have m/s and
on the other you have m.rad/sec. What happened to the radians?" The
answer is that radians are not true units and can be discarded and
incorporated whenever convenient. If we recall the definition of a
radian;
radian = arc length/radius
we see that a radian is a length over a length and is thus a unitless
pure number. Disposing of radians and causing them magically to
appear when needed is a mathematical slight of hand (seems like a
trick, but there is a logical explanation for it) that you must be
accustomed to preforming.
Before we move on, it should be noted that when discussing linear
variables related to an object in circular motion, we must be a little
careful. For example, if the object in undergoing angular
acceleration, then it will not have a constant angular velocity and
therefor it will not have an constant tangential velocity. In such
cases we can only refer to instantaneous tangential velocity. Also,
if ù is constant, the only way we can be absolutely sure that vt is
constant is if the radius remains constant. In the case of rotational
motion, tangential velocity only makes sense in regards to one
particular point on the object. It should also be noted that we have
referred to the linear acceleration as tangential acceleration. This
is not the complete acceleration of the object, it is only the part of
the acceleration that points along a tangent to the circle. It turns
out (and will be discussed in detail later) that the object will also
have a component of the acceleration that points along the radius of
the circle.
Another interesting aspect about the linear variables is that it
allows us to do combination problems were we have a system of objects
connected and one of them is undergoing circular motion. This method
can be summed up by one statement:
If an object undergoes linear motion
object undergoing circular motion by
means) wrapped around it, the linear
straight line motion are the same as
object undergoing circular motion.

and is connected to an
a string (or other similar
variables of the object in
the linear variables of the

The above statement is simple common sense, provided the string
does not slip (there is another condition that must be met, and I
leave it to the student to figure it out). An example will
illustrated this concept better than words.

LetsLearnPhysics

-

Chapter 4 -

Page 83

Example 3.3.6
A winch (radius of 10 cm) on a tow truck is attached to a car and imparts an acceleration
of 0.04 m/s2 to the car over a time of 15 seconds (starting from rest). Through what angle
has the barrel of the winch rotated during this time?

The previous example was the first example of containing a case
of rotary motion. Notice how the point in question was on the outside
of the circular winch and thus a particular point and radius were
inferred. A closer look at rotary motion will reinforce the concept
of linear and angular variables in regards to rotary motion.

Example 3.3.7
A record player spins at 33.3 rev/min. What is the angular velocity and tangential velocity
of points at 4, 10, and 20 cm from the center?

We see then that if an object is in rotary motion, all points on
the object have the same angular velocity, but different linear
velocities depending on their distance from the center. This
important fact shows us the importance of angular variables, since
they can completely describe a rotating object with one term.

Centripetal Acceleration
It was mentioned previously that the tangential acceleration on
an object moving in a circle might not be the only acceleration on the
object. This is indeed the case. If we remember back to the
definition of acceleration, we will recall that it measured the time
rate of change of velocity. In other words, to accelerate meant to
change velocity. Now consider the motion of an object that is moving
in a circle at a steady speed. Is this object accelerating? Yes,
indeed it is. Even though the object maintains a steady speed, its
velocity is changing directions constantly. If the velocity is
changing, it is accelerating. Thus, any object moving in a circle is
actually accelerating.
But what is the direction this particular acceleration? We will
examine the how and why in a later chapter, but the short answer is
that by vectors, using a very small time period, we find that the
acceleration is directed exactly towards the center of the circle.
The value of this acceleration can be found to be:

a = VT2/r = ù2r
This is a very important fact about objects moving in circles:
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Every object moving in a circle, no matter under what conditions,
is accelerating at exactly VT2/r towards the center of the
circle.
This acceleration is called centripetal acceleration or radial
acceleration (since it is along the r-axis). So, it turns out that
every object moving in a circle will have an acceleration in the rdirection, and it may or may not have an acceleration in the è
direction (that is the angular or tangential acceleration). The
overall acceleration of the object would be vector sum of the two
accelerations.
Normally, in first year physics classes, there are not problems
that would require you to use both of the accelerations. Notice that
the previous problems in this chapter did not require the use of the
centripetal acceleration at all. It usually works the same way in
reverse - meaning that the problems that involve centripetal
acceleration do not usually require you to consider the tangential
acceleration.
Part of the reason for this is because the centripetal
acceleration involves the tangential velocity. If the object was
tangentially accelerating, then the tangential velocity would
increase, and thus the centripetal acceleration would increase. Or
put another way:
If an object has constant angular velocity (moving in a circle at
a steady speed) - it has no tangential acceleration but has
constant centripetal acceleration.
If an object has constant angular acceleration (speeding up
around a circle) - it has changing centripetal acceleration
Let us see if we can do a few sample problems with these ideas:
Example 3.3.8
If an object moves in a circle of radius 1. 4 m at 4 rad/sec with no tangential acceleration,
what is the centripetal acceleration?

Example 3.3.9
An object moves in a circle of radius 2 m, and completes 5 revolutions in 2 seconds.
What is the centripetal acceleration of the object?
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Example 3.3.10
An object starts from rest and angularly accelerates in rotary motion at 3 rad/sec2 for 10
seconds. Considering a point on the end of the object (20 cm from the center of rotation),
what is the TOTAL acceleration (magnitude only) at that point after a.) 2 seconds, b.) 5
seconds, c.) 10 seconds?

Example 3.3.11 - Graphical Analysis
An experiment is carried out where an accelerometer is attached to a point 30 cm from the
center of an object, set to measure centripetal acceleration only. The object begins
tangentially accelerating and the following data is collected. Graphically determine the
angular acceleration of the object. Note, since this is a lab experiment, there may be
some errors in the data.
Time (seconds)

Centripetal
Acceleration
(m/s2)

1

2.9

2

11.3

3

23.3

4

46.2

5

70.5

6

91.2

7

138.3

8

175.8

9

220.7

Centripetal Force
Now that we know that if any object is moving in a circle, it is
accelerating towards the center, and we know that the acceleration is
given by vt2/r, we can easily realize that if there is an
acceleration, there must be a force. This force is called the
centripetal force. It is important to realize that the centripetal
force is not a new force, it is simply the name we give to whatever
force (or combination of forces) is (are) holding the object in the
LetsLearnPhysics

-

Chapter 4 -

Page 86

circle. There is no actual force celled the centripetal force - it is
a term we use to describe what other forces are doing. For example,
if we swing a ball in a circle at the end of a string, the tension is
the centripetal force. The centripetal force holding the earth in its
orbit is gravity. For a more complicated example, consider riding on
a roller coaster that makes a loop-the-loop. When you are on a side
of the look (at the 3 O’clock or 9 O’clock positions) the centripetal
force is the normal force from the seat. When you are at the top of
the loop, the centripetal force is a combination of your weight and
the normal force from the seat.
When we use the sum of the forces to solve centripetal force
problems, we never add a force called the centripetal force. Instead,
we say that F = ma, where a is the centripetal acceleration of vt2/r,
since this is the actual acceleration of the object. We could say
that whatever is on the left of the F = ma equation is the centripetal
force. So when an object moves in a circle, the total centripetal
force is simply:
Fc = mac = mvt2/r = mù2r
Once again, we will generally use our polar coordinate system (r,è) to
do these problems. The sum of the forces in the r direction will
equal mar or mac (the same thing) and the sum of the forces in the è
direction will equal zero (most of the time - we will briefly discuss
exceptions later).
Let’s try a few simple problems.

Example 4.7.1
Consider a 0.5 kg ball on the end of a string, swinging in a circle with vt = 1 m/sec and
radius of 0.25 m. What is the centripetal acceleration? What is the centripetal force?
What is supplying this force?

Example 4.7.2
If a 0.5 kg ball moves in circular motion making 4 complete revolutions in 3 sec and the
radius of the circle is 2 m, what force is needed to keep the ball in this motion?
Before we go on to more sophisticated problems, we should discuss one
conceptual issue.

Centripetal versus Centrifugal Forces
Often, before taking Physics, students hear about something
called the centrifugal force. Centrifugal force is a concept that is
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used to explain such things as water staying in a bucket as it is spun
in a vertical circle, or the ride called the Rotor or Spindletop at
amusement parks (This used to be a common attraction, but recently
they are being phased out. In this ride you stand against the wall in
a circular room that is spinning and the floor drops out). I believe
this concept is often used because it is simpler to understand than
centripetal force when explaining things to young children and it
implants itself in their minds. Usually it is explained by saying
that when something goes in a circle, a centrifugal force arise that
pushes the object to the outside.
In actuality, centrifugal force is a concept used in physics, but
it is what is called a fictitious force, or a force used to explain
what is an illusion created by viewing motion from a certain reference
frame.
We have already explained that objects moving in a circle require
a centripetal force to keep them in their circular path. But now I
ask you to stretch your imagination and envision yourself inside a bus
with no windows. Also imagine that this bus is your entire universe,
you don't realize that anything else exists (what I am actually saying
is to imagine the interior of the bus to be your frame of reference).
Furthermore, imagine that for some reason the bus was perpetually
driving in a circle at high speeds. In the bus, it would feel as if a
force was pushing you to one side of the bus constantly. As seen from
above, however, it would appear as if your body as attempting to move
in a straight line but was constantly being pulled in. If you were
trying to determine the laws of Physics inside this bus, you would
probably have two kinds of gravity, one down and one to the side.
This illusional force that is pushing you to the side is called the
centrifugal force.
Notice the difference in the two perceptions of the same motion.
In one case, in the bus, you appear to have an extra force pushing you
outward from the center. When viewed from above (frame of reference
of the ground), you only have an inward force (perhaps friction)
holding you in (note: in the bus you would have the friction as well).
Obviously the difference arises from the choice of reference frames.
What is going on here is that Newton's Laws of Motion are only
applicable in reference frames that are inertial. Inertial reference
frames are defined as reference frames that are not themselves
accelerating. A second definition is simply a reference frame where
Newton's Laws work (an astute student might ask a question here that
would be incredibly difficult to answer and would show that the entire
empire of physics is based on pure speculation...). Thus Newton's
Laws work fine when we look at things from the point of view of the
ground being stationary. However, when we look inside the bus, since
that reference frame is accelerating, we find that Newton's Laws do
not work properly. In order for them to work, we must add fictitious
forces (forces that aren't really forces). Once we have added these,
Newton's Laws work fine. The two most common fictitious forces are
the centrifugal force and the coriolis force (the force that causes
storms to spin in one direction in the northern hemisphere and in the
opposite direction in the other). We say that these are not true
forces for two reasons. First, their purpose was to make laws work in
a situation where the laws were not supposed to work. Thus they are
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added mental constructs, not actual forces caused by nature.
Secondly, these forces have no reaction forces, they are not part of
an action-reaction pair, and thus they violate Newton's Third Law.
In order to use the centrifugal force in a problem, you would set
up the sum of the forces as:
ÓFr=0
instead of the usual
ÓFr=mvt2/r
because in your reference frame there is no acceleration. However,
when you sum the forces in that frame, you must include an extra force
(the centrifugal) that goes out from the center and has a value of
mvt2/r (this is worth repeating and underlining: In an accelerating
reference frame, you must add the centrifugal force as an extra force
in order to use Newton's Laws. In a non-accelerating frame, you do
not add any forces, you simply call the force holding the object in
the circle the centripetal force). Thus the centrifugal force is
equal in magnitude and opposite in direction to the centripetal force.
It is important to notice that since they are used in different
reference frames, they will never arise together. Let us do one
simple example.

Example 4.7.3
Imagine a penny sitting on a table in the bus as described above. Draw and explain the
forces on the penny in a.) the reference frame of the bus and b.) the reference frame of
the ground. Also write out Newton's Second Law for each of the situations.
What we see from all of this is that there are two ways to approach
any motion when the object is in circular motion:
1.)

Imagine viewing the object from the frame of reference of the
outside, or standard view. For example, if doing a problem with
a child on a swing, the ground is standing still.
If you are in this (inertial) reference frame, you write the
sum of the forces normally (you do not include centripetal
or centrifugal forces) and you set them equal to mac or
mvt2/r - since the object is accelerating.

2.)

Imagine viewing the object from the frame of reference of the
object itself. For example, consider the child on the swing as
stationary and the ground is actually moving.
If you are in this (non-inertial) reference frame, you must
add the fictious force of centrifugal force pushing outwards
at mvt2/r. You then set the sum of the forces equal to zero
(since the object is not moving by definition.
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Problems can be done either way, but normally it is easier to do
problems in the first manner, which is the way we will normally
approach these problems.

Incorporating Other Forces into Centripetal Force Problems
The most common type of centripetal force problem is not when you
are asked to find the centripetal force, but usually it involves some
other force that you are solving for.
When you set up these type of centripetal force problems, it is
usually best to begin by assigning a variable to each direction, or
more specifically, imposing a coordinate system on the entire problem.
The most useful coordinate system for these situations is a
cylindrical coordinate system. Let’s start by reviewing how a
cylindrical coordinate system looks and works. In cylindrical
coordinates there are three directions - r (radial), è (angular), and
z (height). Locating a point using these coordinates is shown below.

When you encounter a centripetal force problem, the fist step is
to locate these direction in regards to the problem. First, place the
r axis along the radius of the circle in question, then the è axis
will go around the curve of the circle, and the height will be at 90
degrees to these other two. As an exercise, consider the example
below:
Example 4.7.4
A child rides a merry-go-round at an amusement park. Draw a quick sketch of the merrygo-round and label all three of the cylindrical axes.
The best way to approach these problems is to realize that FOR EVERY
PROBLEM WITH AN OBJECT MOVING IN A CIRCLE, we use GF = ma in
cylindrical coordinates. This mean that:
In the r-direction
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GFr = mac = mvt2/r (ALWAYS)
In the è-direction
GFè = 0 (if object is moving at a constant vt)
GFè = mat (if the object is accelerating around the circle)
In the z-direction
GFz = 0 (if in equilibrium in the z-direction)
GFz = maz (if the object is accelerating in the z-direction)
In the very vast majority of the problems you encounter, the situation
will call for:
GFr = mac

GFè = 0

GFz = 0

Once you write these down, you should be able to solve in the same
manner as any of the other force problems you have encountered. Let
us try a few simple examples and then we will get more complicated.

Example 4.7.5
A penny (mass = 3 g) is placed on a phonograph turntable, 10 cm from the center. If the
phonograph is rotating at 3.49 rad/sec, what coefficient of friction is needed to keep the
penny in place?

In this example, the centripetal force is provided by the friction,
and you are asked to find the coefficient. This is a very common type
of centripetal force problem.
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Example 4.7.6
A common ride at amusements parks consists of a number of swings connected by chairs
to a large circular device that spins in a circle (and often rises in the air), causing the
swings to move away from the center at some angle. One such swing is shown below.
Find the tension in the chain and the angle of the chain to the horizontal if the person has
a mass of 65 kg, the ride has a radius of 5 m, and it takes 2.6 seconds to make one full
revolution (we assume the ride is at full, constant speed at this time).

Vertical Circles, Loops, Minimum Speed Problems
You have probably noticed that our examples above all consisted
of loops that were in the horizontal plane. There is a reason for
this, and that is that vertical circles are a bit more complicated
because they involve gravity. Let us look at a very simple case.
Suppose an object is swung in a vertical circle at the end of a string
at a constant speed. The forces at different locations would look
like the drawing below.

As we look at the different locations, we notice that although the
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tension always points towards the center, the weight changes
orientation relative to the circle. So, the force providing the
centripetal acceleration changes. This is best summed up in the
following table.
Position

Value of Centripetal
Force

Force that is
providing Centripetal
Force

Top

mv2/r

weight and tension

left side

mv2/r

tension only

bottom

mv2/r

part of tension

right side

mv2/r

tension only

Notice that the value of the centripetal force is always the same since it depends on radius and velocity (both of which are constant),
but since it points towards the center, at the top tension and weight
add together, on the sides only tension provides the centripetal
force, and on the bottom tension must do two things: provide
centripetal force and counteract the weight. So tension will change
as the object moves in the circle. Let us do two simple problems:
Example 4.7.7
A 125 g ball is swung in a vertical circle or radius 1.3 m, making 1 revolution every 0.4
seconds. Find the tension in the string at the top and at the bottom of the circle.

Example 4.7.8
If a rope swing is constructed with 10 m of rope that can withstand 1000 N of force, what is
the fastest velocity a 60 kg person can have at the bottom of the swing and not break the
rope? What about an 80 kg person?
Another very common type of centripetal force problem is called a
“minimum speed problem.” These show up all the time on standardized
tests (like the AP) and in classrooms. They are very simple if you
know one little thing: when it asks for the minimum speed necessary,
the problem is asking for the speed at which the weight supplies all
of the necessary centripetal force.
Consider a ball on the end of a string. If we spin it in a
circle, and then slow the ball down a little bit each swing, sooner or
later it will not make it over the top of the circle, but the string
will go slack. This leads us to two conclusions 1.) When it reaches it’s minimum speed the motion at the top of the
circle will be affected first.
2.) At the minimum speed, the string will go slack - meaning the
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tension will go to zero.

Safe Turn Problems and Banked Turns
Another very common type of circular motion problem involves
“safe turn speeds” and banked turns. These generally refer to either
cars or airplanes making turns. Let us look at the case of a car
rounding a flat turn first.
When a car rounds a flat turn, like an exit ramp, the case is
almost identical to the situation of the “penny on the turntable”
example given earlier. In this case the only force in the radial
direction is friction which is providing the centripetal force. The
forces on the car, ignoring the forward thrust and the rear facing
friction and drag, would look as follows (as seen from the back of the
car):

In this case, the car is making a left turn around a circular exit
ramp at a steady speed. From this we quickly come to the conclusion,
using F = mac,
Ff = mv2/r
ìN = mv2/r
ìmg = mv2/r
v = sqr(ìgr)
Which gives us a nice, simple equation for the fastest speed at which
a car can safely round a flat turn of radius r, provided we are given
the coefficient of friction between the tires and the road. However,
because this is so simple, it is also not very interesting, and does
not often show up in problems. Of much greater interest is a car
rounding a banked turn. In this case, the forces become a little
trickier, as shown below (again, as seen from behind the car).
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Notice a few things about this diagram. First since the Normal force
and the weight are not parallel, the Normal force is not equal to the
weight of the car, but rather it is equal to mgcosÖ. Also notice the
positioning of the axes; the r axis is not down the ramp, but straight
off to the side. This is important and often a point of confusion in
regards to banked turns. The circle that the car is making is a flat
circle in the horizontal plane, thus the radius that needs to be
considered is the radius of that circle and does not involve the plane
angle at all. The last thing to note is the lack of friction on the
diagram. This is a tricky point and one that we will discuss further
in a few moments.
You will notice that the Normal force of the car has a component
along the r axis. Since there is a component along the r axis, this
means that theoretically, the normal force could supply the
centripetal force necessary to keep the car moving in a circle. In
other words, at some speed friction is not necessary - the car holds
itself on the ramp.
Example 4.7.9
Derive an equation to give the speed at which a car could travel without friction along an
angled exit ramp, using the variables Ö (angle of ramp), r (radius of ramp), and g.
Now we need to consider what happens when the car does not go at
that exact speed, and friction is necessary. The first question to
ask is which way does friction point in our force diagram? We know
that it points parallel to the surface, and against the intended
motion, but what direction is that? A little thought will bring you
to a dilemma. If the car goes faster than the speed above, it will
try to go up the ramp, and thus friction will be down the ramp.
However, if it goes slower, then the car will start to fall down the
ramp, and friction will go up the ramp. It is useful to take a look
at both cases and discuss the outcomes.
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Example 4.7.10
Derive an equation that will give the maximum speed at which a car can round an angled
exit ramp using the using the variables Ö (angle of ramp), r (radius of ramp), g, and ì
(coefficient of starting friction).

Example 4.7.11
Derive an equation that will give the minimum speed at which a car can round an angled
exit ramp using the using the variables Ö (angle of ramp), r (radius of ramp), g, and ì
(coefficient of starting friction).
The example above, of the angled exit ramp, is a bit more complicated
than most physics classes would expect their first year students to
figure out on their own. We present it here, in full detail, simply
because if you can understand this example, you can figure out most of
the other “banked turn” type of problems yourself. Another common
type of banked turn problem is the airplane problem, given below.
Before you attempt this problem, it is worth mentioning something
about airplanes that you may, or may not, know. When an airplane
flies, it generates upward lift on its wings. This means that in
general, an airplane has four forces on it, as shown below:

On an airplane in flight, at a constant speed in a straight line, the
lift will equal the weight, the thrust will equal the drag, and the
plane will be in equilibrium. It is important to note that the lift
will always be perpendicular to the surfaces of the wing. Thus if the
plane banks, part of the lift will be off to the side (in the r
direction) and will provide the necessary centripetal force to make
the turn. Consider the problem below:
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Example 4.7.12
A small (2000 kg) airplane traveling at 50 m/s, banks its wings to make a turn. If the wings
are banked at 10 degrees to the horizontal, what is the resulting radius of the turn?

Practice Problems

Example 4.7.13
A ball is swung on the end of a string in a horizontal circle. If the ball has a mass of 0.75
kg, and the circle has a radius of 1.2 m, what is the tension in the string when the ball is
rotating at 4 rad/sec?

Example 4.7.14
A bug lands on the tip of a fan blade while it is stationary, and then someone turns on the
fan. If the fan rotates at 8 rev/sec, the bug has a mass of 0.56 g, and he is standing 15
cm from the center of the fan, how hard must he hold on to the fan blade to keep his
position?

Example 4.7.15
A 200 g ball is swung in a vertical circle at a radius of 1.3 m, at a rate of 2 revolutions per
second. What is the tension in the string at the bottom of the swing, at the top, and at the
sides?

Example 4.7.16
A turn on a race track is heavily banked to help the cars navigate at higher speeds. If the
track is banked so that a car traveling at 100 mph does not need friction to navigate the
turn, what is the angle of the bank?
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Example 4.7.17
The pilot an a 20,000 kg airplane banks his wings at 15 degrees to make a turn. If the
plane is traveling at 200 m/s, how long does it take to make a complete U-turn?

Example 4.7.18
A car (2000 kg) traveling down a road at a high rate of speed encounters a small hill,
which just so happens to be perfectly shaped like a circle of radius 20 m (see diagram).
The driver notices that just as he reaches the top of the hill, the tires leave the road for an
instant. What is the speed of the car?

4.8 Gravitation and Satellites
Newton’s Universal Law of Gravitation
Although we will spend an entire chapter covering gravity later,
some textbooks introduce a basic understanding of gravity at this
point, and use it to solve some interesting force problems.
Throughout the previous chapter, we have been solving force
problems using the weight of an object as given by the formula:
W = mg
This is all fine and good, but it should be pointed out that this will
only work near the surface of the earth, where g = 9.8 m/s2. It will
work in other locations as well, but it would be necessary to know the
value of g at that location. There is a more general equation for
finding the weight of something, and that equation was derived by
Issac Newton in his theory of gravitation.
We need to remember that gravity is the force of attraction
between any two objects that have mass. What this means is that any
two objects in the universe have a pull of attraction between them
simply because they exist and have mass. You are presently being
attracted by the chair you sit in, by the tree outside the window,
etc. Most of the time, these forces are tremendously small, and you
don’t notice them - indeed they are hardly measurable. However, in
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the case of the force between you and the planet, they become
measurable. What we call “weight” is the force of attraction between
the planet and the object in question. Newton developed an equation
that will calculate the force of gravity between any two objects.
This equation is called Newton’s Universal Law of Gravitation:
Newton’s Universal Law of Gravitation: F12 = Gm1m2/r2
Where m1 and m2 are the masses of the two objects, r is the distance
between their centers, G is the Universal Gravitational Constant, and
F12 stands for the force of gravity between objects 1 and 2. The
Universal Gravitational Constant, as the name implies is a constant,
and its value is
G = 6.67 x 10-11 Nm2/kg2
Once we know this equation, we can find the force of gravity between
any two objects.
A few helpful physical constants are listed below:
average distance from earth to moon: 3.82x108 m
average distance from earth to sun: 1.5x1011 m
mass of earth: 5.98x1024 kg
mass of moon: 7.36x1022 kg
mass of sun: 1.99x1030 kg
radius of earth: 6.37x106 m
radius of moon: 1.74x106 m
radius of sun: 6.96x108 m
Example 4.8.1
Find the weight of a 12 kg object that is 300 km above the surface of the earth.

Example 4.8.2
Find the force of attraction between two average people (70 kg) standing 1 m apart.
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Example 4.8.3
Given that g on the surface of the earth is approximated as 9.8 m/s2, find the radius that is
assumed in calculating that number.
The full study of gravitation that will occur in a later chapter will
cover many of the details of how gravity works, and will discuss
numerous other aspects of gravity (such as gravitational fields and
gravitational energy), but in this section we only need to know the
basic formula shown above, and we need to work this formula into our
force problems. The primary way this formula works into force
problems is that if one object is orbiting another, such as a
satellite orbiting the earth, or even the moon orbiting the earth,
then gravity will be providing the centripetal force for the circular
motion. This brings us to a very simple equation. If gravity is
providing the centripetal force in a given situation:
Gm1m2/r2 = m1vr/r
where m1 is the mass of the object, and m2 is the mass of the planet.
Thus:
v2 = Gm2/r
Notice a few important things here: 1.) The mass of the object
doesn’t matter, thus all objects in a certain orbit must orbit at the
same speed, and 2.) At any one given radius, there is only one speed
that will keep an object in orbit. When they go to position a
satellite, once they determine the radius, they must give the
satellite exactly the speed given by the equation above or it will not
remain in the orbit.
Example 4.8.4
If we wanted to position a satellite at an orbit that is 150 km above the surface of the
earth, what would be the necessary tangential velocity? How many times would it orbit the
earth in one day?
Very often, satellite problems will discuss time of orbit, so a simple
substitution is often done:
Since V = 2ðr/T (where T is the time for one orbit)
Our equation becomes:
4ð2r2/T2 = Gm2/r
Or, after rearranging:
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4ð2r3 = GT2m2
This allows us to find the radius of the orbit given the time of the
orbit, or visa-versa. This also means that at any one given radius,
there is a set time of orbit - or if you want a satellite to finish an
orbit in a set amount of time, there is only one radius at which this
can occur.
Example 4.8.5
At what radius would you position a satellite so that it would orbit the earth in exactly one
day? How far above the surface of the earth would this be?

Example 4.8.6
The space shuttle generally orbits the earth once every 90 minutes (approximately). At
what height above the surface of the earth is the space shuttle orbiting?

Occasionally, a textbook will ask a question regarding “apparent
weight”. Apparent weight is a confusing term that refers to the
feeling that a person would have in a given situation. There are some
ways to clarify this term, but perhaps the best way to do so is that
apparent weight is the value of the normal force on an object. If the
situation is such that there is not a normal force on the object, then
pretend there is one. Remember that when moving in a circle, the sum
of the forces is equal to mv2/r. What this means is that if an object
is in orbit, the apparent weight is their normal weight (given my
Gm1m1/r2) minus the centrifugal force of mv2/r.
Example 4.8.7
If a 60 kg person is accelerating upwards at 3 m/s2 in an elevator, what is their apparent
weight?
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Example 4.8.8
If a 60 kg person is seated on a roller coaster and is cresting a circular hill at 10 m/s, what
is their apparent weight? Assume the hill has a radius of 30 m.

Example 4.8.9
If a person is in a space ship, orbiting the earth at 1x107 m and traveling at a speed of
6315 m/s, what is their apparent weight?

This last example is a perfect example of a “weightless” situation.
In this case, since they are orbiting at exactly the correct speed,
the gravity provides exactly the centripetal force to hold them in
orbit, and they feel weightless. Notice that this does not mean there
is not gravity. There is plenty of gravity, but since they are
orbiting at the correct speed, it seems like they are weightless. In
essence, they are falling exactly the distance that they would fall in
free fall every second, but since everything around them is falling
too, they are weightless. Since they are also moving sideways, when
they fall, they fall “around” the object. But what would happen if
the speed was not exactly correct?
Example 4.8.10
If the same person was traveling at the same orbit as in example 4.8.9, but they were only
traveling at 5000 m/s, what would be their apparent weight.

Kepler’s Laws of Planetary Motion
In the early 1600s, a man by the name of Johannes Kepler used the
calculations of a previous scientist, Tycho Brahe, to develop three
laws of planetary motion. These laws helped Issac Newton discover the
universal law of gravitation. Although basic, they are helpful laws
and occasionally physics text books will address them and ask a few
questions about them.
Law 1: Planets move in elliptical orbits with the sun at one focus.
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You probably recall ellipses from geometry class. They are “flattened
circles” that instead of having one center, they have two “centers”
called focuses of foci. The actual definition of an ellipse is the
set of all points for which the sum of the distances from the foci is
a constant. A common method of making ellipses is to take two thumb
tacks, push them into a piece of cardboard, tie a string in a circle,
wrap it around the tacks, put a pencil in the loop and stretch it
tight. Then move the pencil around the pins, drawing the ellipse. It
is important to note that although the planets orbit in ellipses, they
are very slight ellipses. A measure of an ellipses difference from a
circle is it’s eccentricity. If the eccentricity is zero, the ellipse
is a circle. The eccentricity of the earth’s orbit is 0.0167, which
is very small. In fact, if you were to draw the orbit of the earth on
a piece of notebook paper, and started out by drawing a perfect circle
with a magic marker, the actual deviation from the circle would not be
visible, and the entire orbit would be within the thickness of the
magic marker line.
Law 2: Law of Equal Areas. A line joining any planet to the sun will
sweep out equal areas in equal amounts of time.
This one sounds confusing, but it is actually quite simple. Since a
planet’s orbit is not circular, it turns out that the planet will
travel at different speeds based on it’s distance from the sun. When
it is closer it moves faster, and when it is farther away it moves
slower. If we imagine a certain amount of time, let us say one month
for example, and we draw a line from the planet to the sun, in that
time it will sweep out a sort of pie shaped slice in the orbit. Now
imagine doing the same thing at a different time in the orbit. Let us
choose a time when the planet is closer and therefore moving faster.
This new pie shape will have a greater part of the curve, but will
have a shorter distance to the center, and what this law says is that
the two pie shapes will have equal areas. This is actually the result
of something called angular momentum, which will be discussed in a
much later chapter.
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Law 3: The square of the period of a planet’s orbit is proportional to
the cube of its radius. Or, stated another way, the square of a
planet’s period divided by the cube of its radius is a constant for
all planets.
T2/r3 = Constant for all planets in the solar system
(Note - the actual law says to use the semi-major axis of the ellipse.
Here we simply use the radius, pretending it is a circle, since there
is very little difference.)
Example 4.8.11
Using the information for the earth’s orbit, find the constant C in Kepler’s third law. Then,
using an equation previously given, find the physical constants that make up the constant
C.

Example 4.8.12
The approximate period of rotation for Saturn is 29.5 years. Find its average distance
from the sun.

Practice Problems:

Example 4.8.13
What is the gravitational force of attraction between two cars (1500 kg each) that pass
each other on a road (4 m from center to center).

Example 4.8.14
An object weighs 87 N on earth, what is its weight on Mars?
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Example 4.8.15
A small planetary rover (15 kg) is sent to Venus to take measurements. If its wheels can
provide a maximum force of 15 N, what is the steepest angle of hill that it can climb?
What would be the steepest angle of hill it could climb on earth?

Example 4.8.16
If the moon was spinning too fast, the gravity would not be able to provide the centripetal
force to hold you on the planet. How fast would the moon have to spin? Answer in
rev/sec and then answer in terms of the present angular speed of the moon.

Example 4.8.17
If a satellite has a period of 200 minutes, what is its height above the surface of the earth?

Example 4.8.18
A ride at an amusement park causes the riders to drop from a high distance at 4 m/s2.
What is the apparent weight of the rider?

Example 4.8.19
Imagine an amusement park ride that consists of a “super ferris wheel” that has a radius
of 20 m and spins at very high speed. The riders sit in chairs and are buckled in. How
fast would the ride have to spin for riders to have an apparent weight of exactly half of
their normal weight? How fast would it have to spin for them to be weightless?
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Example 4.8.20
The ratio of the average distance from the sun to Uranus to the distance from the sun to
Venus is 26.64. It takes Venus 226 days to orbit the sun. How long does it take Uranus to
orbit the sun?
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Homework Assignments
Homework 4.3
1.)

Use all of Newton’s Laws to explain what happens in the following
situation - A glass hockey puck (? - who ever heard of such a
thing?) slides across the ice (without friction), hits a wall and
shatters, then the pieces simply sit there until someone cleans
them up.

2.)

For each of the following situations, clearly label and identify
all of the forces on the object in bold, and label all of their
action-reaction partners.
a.) A lawn-mower is pushed across the lawn.
b.) A box slides down a ramp with friction.
c.) A book is held against a wall with your hand and arm
perpendicular to the wall.
d.) A tennis ball bounces against a wall.

3.)

If a body is acted on by only two forces and is accelerating,
which of the following must be true?
a.) The body cannot move with constant speed.
b.) After the first instant, the velocity can never be zero.
c.) The sum of the two forces cannot be zero.
d.) The two forces must act in a straight line.

4.)

A force of 10 N acts on an object and accelerates it from rest at
a rate of 4.0 m/sec2.
a.) What is the mass of the object ?
b.) What is its weight ?

4.)

If a 35 kg. object is accelerated from rest by a force of 4 N for
35 sec., what will be its velocity at the end of this time period
? (N3)

5.)

A rocket accelerates to 1500 m/s in 2 sec.
a.) What is the acceleration (in m/sec2) ?
b.) What force is required if the rocket has a mass of 500 kg. ?

6.)

Imagine an experiment where a neutron is fired at an atom and
captured by the nucleus. Assume the force that captures the
neutron only exists only inside the nucleus. As the neutron
enters, it is attracted to the center, and then pulled back as it
tries to leave on the other side. Considering only the time
during which it is pulled back,
a.) What acceleration does the neutron experience ? (give
your answer in units of "g's")
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b.) What is the magnitude of the force, presumed constant,
that acts on the neutron ?
Use the following information: neutron mass = 1.67 x 10-27 kg,
diameter of nucleus = 5x10-15 m, speed when it passed the center =
2x107 m/s
7.)

Suppose that Jim-Bob is cruising in his pick-up on Northwest
Highway at a velocity of 32 m/sec when he sees one of Dallas'
finest parked on the side of the road. Immediately Jim-Bob slams
on his brakes. If his brakes can exert a force of 4000 N and his
truck has a mass of 2000 kg, will Jim-Bob be under the legal
speed limit of 45 mph in the three seconds it takes for the
officer to put down his coffee and turn on the radar ? (N9)

8.)

If you have a mass of 70 kg, the earth pulls down on this mass in
the form of gravity. By Newton's Third Law, you also pull up on
the earth. When you jump off a chair the earth gives you an
acceleration of 9.8 m/sec2. What acceleration do you impart to
the earth ? (N6)

9.)

Suppose you jumped off a chair (upwards) and landed on the
ground. Make a graph of force versus time, acceleration versus
time and velocity versus time for this event. The time should
begin an instant after you left the chair and end a second after
you hit the ground.

10.) Mr. Ed (the talking horse) is urged to pull a wagon. Ed refuses
to try, citing Newton's Third Law as a defense. The pull of the
horse on the wagon is equal but opposite to the pull of the wagon
on the horse. "If I can never exert a greater force on the wagon
than it can exert on me, how can I ever start the wagon moving ?"
asks the bewildered horse. In other words, if the forces are
equal but opposite, why don't they always cancel out and stop the
wagon from moving ? How would you reply to Ed?
(also, how did they make his lips move in the TV show?)
11.) Consider a bullet being fired from a gun into a thick block of
wood. In the barrel the bullet is suddenly accelerated in the
first few centimeters and then the acceleration dies off quickly,
stopping when the bullet leaves the barrel. The bullet travels
straight (ignoring air resistance and gravity) and then imbeds
itself into the wood, coming quickly to a stop a few centimeters
into the target. Draw a rough graph of acceleration versus time,
force on the bullet versus time, and velocity versus time for the
path of the bullet. On each graph, label the end of the barrel
point A, and the point where it enters the wood point B.
12.) Suppose two men are engaged in a version of tug-of-war where they
both sit on skate boards (no friction)and try to pull each other
so that they meet somewhere in the middle by use of two ropes.
Each has rope tied to the belt on which the other person pulls.
The loser is the one that ends up having moved the furthest
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distance when they meet. If they are 10 m apart at the start and
Chuck, who has a mass of 60 kg, pulls with a force of 10 N and
Linus, who has a mass of 90 kg, pulls with a force of 7 N.
a.) Who will win ? (support your answer by explaining why)
b.) How far will the loser have moved ?
c.) Is this a fair game ? Why or why not ?
13.) A rambunctious lad falls overboard from his row boat. A friend
throws him a rope when he is 6 m from the boat and begins to pull
him in with a force of 75 N. If the boy in the water has a mass
of 65 kg and the other boy combined with the boat has a mass of
190 kg, how far from the starting point of the boat will they
meet (assume that friction will affect them equally, thus can be
ignored - a terrible assumption, but one we will improve upon
later)?
14.) Decipher: "Individuals who make their abode in vitreous edifices
would be advised to refrain from catapulting petrous
projectiles." (DNCTHWG)

Homework 4.4 - Equilibrium Problems
1.) A 30 kg ball is suspended from the ceiling by a string
(considered massless). A person pushes the ball, as shown below and
holds it in place. Find the magnitude of the push.

2.)
In the diagram below, a rod holds the three strings in place.
Calculate the tension in the second string (labeled T1) and the force
that the rod exerts.
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3.)

A car weighing 1500 kg is on a hill that rises 3 m for every 100
m of horizontal distance. If a person is attempting to hold the
car from rolling down the hill, how much must the push, parallel
to the ground (no friction)? (O1)

4.)

A box of mass = 50 kg is attached to a rope and placed on an ramp
as shown below. Find the tension in the rope. All angles are
measured from the horizontal.

5.)

Consider that you had the following pieces of equipment:
Block A = 10x10x10 cm, 4 kg
Block B = 15x15x15 cm, 6 kg
Block C = 20x20x20 cm, 10 kg
Spring 1 = 10 cm (equilibrium length), k = 100 N/m
Spring 2 = 15 cm, k = 200 N/m
Spring 3 = 20 cm, k = 300 N/m
Each block has a hook on the top and bottom to which a spring can
be attached (adding no extra distance - thus Block A + spring 1 =
20 cm). Determine the full length if each set up below was
constructed:
a.)
b.)
c.)

1+A+2+B+3+C (meaning - attach spring 1 to the ceiling, then
attach block A to it, then attach spring 2 to the bottom of
block A, attach block B, then spring 2, then block C)
3+A+2+B+1+C
2+A+1+B+3+C
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6.)

On the set up below, what is the value of M1 that will keep the
system in equilibrium?

7.) Determine the mass of m that will keep the system below in
equilibrium (all surfaces are frictionless). (O10)

8.) Find the value of M3 in the diagram below, if M1 = 30 kg, M2 = 10
kg, the bottom plane makes an angle of 20o with the horizontal and
the upper plane makes an angle of 60o with the horizontal and the
system is in equilibrium. Assume all surfaces are frictionless. (O22)
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Homework 4.5 - Non-Equilibrium Problems
1.)

Imagine three forces acting on a 15 kg object. Force 1 is
pushing with 30 N in an easterly direction, force 2 is pushing
with 30 N at 35o north of west and force 3 pushes with 15 N in a
westerly direction. Represent the objects displacement after 30
sec as a vector (the object is at rest before the forces act).

2.)

A block is projected up a frictionless incline plane with a
velocity of v. The angle of the incline is A. Give your answers
to parts a, b and c in the form of algebraic expressions.
a.)
b.)
c.)
d.)

How far up the plane does the block slide before stopping?
How much time elapses before it stops?
What is its velocity when it is halfway up the plane?
Give numerical answers for v = 4.0 m/sec and A = 38 degrees.

3.)

If you were standing in a space ship that was launching off a
launch pad with an acceleration of 8 m/s2, what would be your
apparent weight? Answer in terms of your regular weight.

4.)

In the diagram below, m1 = 6 kg and m2 = 3.5 kg. If the incline
is frictionless and has an angle of 30o, determine the
acceleration of
each block.

5.) Consider the set up below, consisting of a cart of mass M
connected to a smaller mass m by a string that passes over a
frictionless pulley. If m = 4 kg, and M = 10 kg, what is the
acceleration of the system and what is the tension in the rope?
Assume no friction.

6.) One of Galileo's
most famous experiments
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showed that a when a ball rolls down a plane and then up another plane
of a different angle, it will rise to the same vertical height,
regardless of the distance up the plane the ball must travel (without
friction, of course). PROVE, using only the equations of one
dimensional motion and the sum of the forces, that his hypothesis was
true.

7.)

In the diagram below, block A has a mass of 2 kg, block B has a
mass of 4 kg, and block C has a mass of 6 kg. They are pulled
with 100 N of force. Find the tension in each rope.

8.)

In the diagram below, block A is 10 N, block B is 15 N, and they
are connected by velcro. They are pulled by 50 N of force at an
angle of 30 degrees to the horizontal. Find the direction and
value of the force of the velcro on block A.

9.)

On the pulley system below, the box weighs 100 N.
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What force is

necessary to lift the box at a constant speed?

10.) In the system below, block A is 50 N and block B is 200 N, what
is the acceleration of each block.

11.) In the set up below, m1 = 8 kg, m2 = 10 kg, and m3 = 4 kg. Find
the acceleration of the system and the tension in each rope.

12.) Decipher:

"Eleemosynary deeds have their incipience
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intramurally."

(DNCTHWG)

HW 4.6 - Friction
1.) If we push a 400 N box with a force of 75 N on a level floor with
a coefficient of friction of ìs=0.3, will it move?
2.) Imagine a 150 N box resting on an incline plane with a
coefficient of static friction of 0.8. If the incline has an angle of
300, how hard would a person have to push up the incline to get it to
move? How hard would they have to push down the incline?
3.) If a 400 N crate is resting on a floor (ìs = 0.4) and you wish to
pull it by a rope, how much would you have to pull, just to get it
moving, if the rope was to make an angle of -350 with the horizontal?
What if you were to make an angle of 350 with the horizontal? What
about 700? Comment on your answers.
4.) If you placed an empty coffee cup on a slanted surface and began
to pour coffee into it, would it begin to slide down the incline at
some point? Support your answer with formulas. (R9)
5.) In the diagram below, a mass is attached to a cord that makes an
angle of 15 degrees with the wall. In between the mass and the wall a
book is placed. If the book has a mass of 1.0 kg. and the coefficient
of static friction between the book and the wall is 0.35, what is the
minimum value of the mass needed to hold the book in place ? (R6*)
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6.) What is the minimum weight of block B in the setup below required
to maintain equilibrium? Block A weighs 400 N and the coefficient of
static friction on the horizontal surface is 0.35. (R8*)

7.) A 200 N force is used to pull a 420 N box at a constant speed
across a floor by means of a rope that makes an angle of 35 degrees up
from the horizontal. What is the coefficient of sliding friction?
(R1)
8.) A 200 N force is used to pull a 420 N crate at a constant speed
across a floor by means of a rope that makes an angle of 35 degrees
down from the horizontal. What is the coefficient of sliding
friction? (R2)
9.) A 5.0 kg block slides down an incline plane (coefficient of
sliding friction = 0.30) that makes an angle of 40 degrees with the
horizontal. How long does it take to reach the bottom ? (distance =
5.0 m) (R4)
10.) A 20 kg block is projected up an incline that makes an angle of
500 and has a coefficient of kinetic friction of 0.5. If it is
projected up the incline with a velocity of 4 m/s, with what speed
will it return to the bottom (careful, this is a fairly involved
problem).
11.) In the problem above, using the coefficient of sliding friction
given, the minimum angle for which the block would slide down is
approximately 270 (found using tanè = ì, as proven in the chapter).
However, if the plane was set at 270 the block would not slide down.
In fact, the block would probably not slide down even at 300. Explain
in detail why.
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12.) In the setup below, the incline is frictionless and the
horizontal section has a coefficient of kinetic friction of 0.4.
is the acceleration of block A? (R10)

What

13.) Consider the set up as shown below. Using the quantities given
(the coefficients of kinetic friction are next to each incline),
determine:
a.)
b.)

Which block will slide up and which block will slide down.
The acceleration of the system.

WARNING:

There is more to this problem than meets the eye.
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14.) In the set up below, the incline has a coefficient of kinetic
friction of ìk, a coefficient of starting friction of ìs, and is
at a angle Ö. Answer the following questions in algebraic form.
a.)

What is the value of m that would keep the system in
equilibrium without friction?
For parts b & c, assume the system is given a little push to
overcome the starting friction.
b.) What is value of m that would cause the system to move at a
constant velocity clockwise (block m moving down)?
c.) What is the value of m that would cause the system to move
at a constant velocity counter-clockwise (block m moves up)?

Helpful numbers for the problems that follow: ñ for air is 1.2 kg/m3,
ñ for water is 1000 kg/m3
15.) If a ball with radius 0.1 m, mass of 4 kg, and drag coefficient
of 0.5 is dropped from an airplane, what is the acceleration of
the object when it has the following speeds: 0 m/s, 10 m/s, 40
m/s, 60 m/s.
16.) Assume that a commercial airplane has coefficient of drag of 0.65
and a cross sectional area of 18 m2. If it is flying at low
altitude (ñ = 0.7 kg/m3, v = 180 m/s) what is the drag force?
How does this change if the plane is moves up to a higher
altitude (ñ = 0.3 kg/m3, v = 300 m/s)?
17.) A box slides down a hill with an angle of 30 degrees to the
horizontal. The box has a mass of 8 kg, and has dimensions of 80
cm x 20 cm x 40 cm (it is sliding with the 80 cm side parallel
with the plane). If it has a drag coefficient of 0.7, and the
kinetic friction between the plane and the box is 0.2, what is
the terminal velocity of the box?
18.) A ball with a radius of 0.05 m, a drag coefficient of 0.2 and a
mass of 100 g is dropped from an airplane into a lake. Assume it
has enough time to reach terminal velocity. What is the value
and the direction of its acceleration immediately after entering
the water?
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HW 3.3 Circular Motion Revisited
1.)

If a record player slows down from 45 rpm to 33 1/3 rpms in 2
sec. what was its angular acceleration (in rad/sec2).

2.)

What angle in radians is subtended from the center of a circle
with radius of 1.5 m by an arc of length 2.0 m (express in
radians and degrees)?

3.)

What is the angular speed of a car rounding a circular turn of
radius 105 m at 60 km/hr ? (C6)

4.)

The sun is 2.3 x 104 light years from the center of the Milky Way
galaxy and is moving in a circle with a speed of 250 km/sec.
a.) How long does it take our sun to make one revolution around
the center of the galaxy?
b.) If the sun is 4.5x109 years old, how many revolutions has it
completed?

5.)

What is the angular speed in radians/seconds of (a.) the minute
hand, (b.) the second hand, and (c.) the hour hand of a clock?

6.)

If a grinding wheel changes speed from 10 m/sec to 30 m/sec in 6
seconds. What is the average angular acceleration during this
period (radius = 15 cm)?

7.)

If a disk ( r = 30 cm) begins revolving from rest with an angular
acceleration of 2.5 rad/sec2 and accelerates for 5 seconds, (a.)
how many radians has a point on the rim moved ? (b.) how far did
the point travel in meters ? (C14)

8.)

In the frame of reference of your car, what is the angular
velocity of one tire (radius = 33 cm) when your car is traveling
at 55 mph?
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9.)

Consider one of those enormous search lights that stores often
rent for their grand openings. Imagine that the light executes
rotational motion around some point 50 cm from the bulb (for half
a turn as it sweeps from horizon to horizon). If it takes the
casing 6 sec to make the sweep (see diagram - next page),
a.) How fast if the bulb moving (both angularly and
tangentially)?
b.) How fast is the spot of light seen on the clouds over head
(at approximately 25,000 ft) moving (both angularly and
tangentially)?
c.) Angularly, how far behind the light bulb is the spot on the
cloud seen (the speed of light is 3 x 108 m/s)?
d.) How high would the clouds have to be for the spot to be
traveling at the speed of light?

10.) Imagine that you grab one end of a roll of toilet paper and run
at 2 m/sec for 10 seconds. Through how many radians has the roll
of paper rotated after this time? (consider the roll to have a
radius of 6 cm and consider the loss of toilet paper to be
negligible compared to the thickness of the roll)
11.) One end of a large roll of string (radius = 20 cm)is tied to a
weight which is dropped off a cliff. What is a.) the angular
acceleration, b.) the angular velocity and c.) the angular
displacement of the roll after 5 seconds. Assume the loss of
string to be negligible to the entire roll and assume there is
not enough friction in the roll to interfere with the free
falling weight.
12.) On a beautiful spring day, you find yourself flying a kite. When
you go to roll the string in to bring the kite down, you count
the number of revolutions that is required to retrieve it. If it
takes 500 revolutions and the roll of string has a radius of 6 cm
(assume it to be one of those jumbo rolls and imagine that the
change of radius is negligible as the string is rolled in) how
high was your kite off the ground if the string originally made a
600 angle with the horizontal? Another assumption must be made
to answer this problem. What is that assumption and will it
cause your answer to be less than or greater than the actual
answer?
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13.) A car completes a U-turn of radius 100 m in 10 seconds.
the centripetal acceleration of the car?

What is

14.) A child rides a horse on a Merry-Go-Round, at a distance of 6 m
from the center. The ride starts from a stop, and angularly
accelerates at 0.1 rev/sec2 for 5 seconds before leveling off at
a constant angular velocity. What is the acceleration of the
child a.) a moment before 5 seconds (magnitude only), and b.) a
moment after 5 seconds (magnitude and direction)?
15.) As you stand on the earth, you are rotating with it.
A.) What is your tangential velocity?
B.) What is your angular acceleration?
C.) What is your centripetal acceleration?
D.) What percent is the centripetal acceleration compared to the
acceleration due to gravity on the surface?
14.) Imagine that you were standing on the earth and someone suddenly
tried to stop the rotation of the earth (an evil villain). How
long would it take them to bring the earth to a complete stop in
such a manner that your total acceleration (meaning gravity +
centripetal pointed down, plus your tangential acceleration)
never was more than 12 m/s2?

HW 4.7 - Centripetal Force
1.) Suppose a 5 kg object makes 38 revolutions in 60 seconds around a
circle with a radius of 3 meters. What is (a.) the centripetal force
and (b.) the centrifugal force on the object ? (C8)
2.) Determine a.) The centripetal force on the earth as it orbits
the sun and b.) The centripetal acceleration of the earth. c.) Then
do the same for the moon’s orbit around the earth. (C2)
3.) A tire (r = 26 cm) on a car rotates at 10 rev/sec. What is the
centripetal acceleration of a point on the edge of the tire ? (C15)
4.) On a dry, sunny day the maximum speed on a flat exit ramp is 30
mph. If it is raining the maximum speed is 20 mph. If the radius of
the ramp is 80 m, how much did the coefficient of friction change (in
percentage) ? (C10)
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5.) Consider the set-up shown below. A ball (mass = 125 g) on a
string revolves in a circle of radius 1 meter. It completes one
revolution in 0.75 sec. How much mass (m) is needed to keep this in
equilibrium ? (C13*)

6.) A ball of mass 200 g is attached to a string that can only
withstand a tension of 50 N before it snaps. Imagine the string is
threaded through a pipe of length 1.2 m, with the loose end tied to
one end and the ball resting on the other. The entire contraption is
swung in a horizontal circle, beginning at an angular acceleration of
2.1 rad/sec2. How long will it take for the string to snap? How fast
will the ball fly off the end of the rod? In what direction will it
travel?
7.) Pilots can black out at accelerations of as little as 4 "g"s.
With this in mind, consider a pilot flying at mach 1 (the speed of
sound, assume a value of 330 m/sec) who attempts to make a 180 degree
turn. What is the minimum time the pilot should allow to make the
turn (this problem can be done without considering the effects of
banking or the contribution of downward gravity on the pilot)?
8.) As inspector Colombo sifted through the wreckage of the Ferrari
on the side of the angled exit ramp he noticed that the posted speed
limit was 30 mph and he estimated that the radius of the ramp was 60
m. Back at the station a quick phone call to the Pirelli tire company
told him that the average coefficient of friction for the tires on the
car was 0.95. This gave him all the information he needed to figure
out the minimum speed the car was traveling when it left the road.
What was that speed (hint: the recommended speed is the speed at
which a car can take the turn without relying on friction)? (C)
9.) A popular ride at Six Flags used to be the Spindle Top. This
ride consisted of a cylinder where you stood against the inside walls
and the ride angularly accelerated up to some speed and then the floor
dropped and you were stuck up against the walls. If the cylinder had
a radius of 2 m and the coefficient of friction between the person
(assume a child of 50 kg) and the wall was 0.5, what angular velocity
must the ride have attained before the floor was dropped in order not
to hurt the poor kid?
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10.) Tarzan, the King of the Jungle, jumps out of a tree and swings on
a vine, making a semi-circular path of radius 18 m. If he has a mass of
70 kg and jumped from the tree when the vine was perfectly horizontal,
what is the tension in the rope at the bottom, if he is traveling with
a tangential velocity of 16 m/s?

11.) The plane below
has a mass of 2000 kg and is making a banked u-turn. The only forces
acting on it are gravity and lift (which acts perpendicular to the
bottom surface of the wings). If the plane completes the turn in 3
minutes, what is the radius of the turn? (C24)
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12.) A circular luggage rack at an airport conveys baggage as shown
below (cross sectional view). If it has a coefficient of friction
of 0.9, an angle with the horizontal of 30 degrees, and an
effective radius of 4 m, what is the maximum speed at which it can
rotate and keep the baggage in contact with the belt? (NOTE - this
is a reverse bank, not the same as a banked turn).

13.) If you are on a very large ferris wheel (radius of 65 m), that is
moving very quickly (0.10 rad/s), what percentage of your weight do
you feel at the top? In other words, what is your apparent weight
divided by your real weight?
14.) If you have a 500 g ball on the end of a 1.5 m string that can only
withstand 60 N of tension, what is the maximum and minimum speeds
at which you can swing the ball in a vertical circle?
15.) Below is a device that is called a “govenor” which was used to
control the rotational speeds of machines. It is a weight (200 g)
which is hung on a solid bar (3 cm) that is free to pivot around
point A. As the device spins around its axis, the weight moves out
and up, dragging the second bar (bar B) with it (the second bar is
free to rotate around the point of attachment with the first bar,
and free to slide up and down the axis. At a high enough speed,
the second bar will reach point C and a switch will be triggered.
If this occurs when the angle of bar and the axis is 35 degrees, at
what speed (rad/s) is the govenor spinning?
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16.) Consider the following setup: A 3 kg mass is placed at the end of
a strong, light rope of length 1.2 m. Another rope, of length 0.5
m is used to attach a second 3 kg mass from the other end of the
first mass. The entire thing is swung in a vertical circle at a
very high speed of 4 rev/s. What is the tension in each rope at
the top and bottom of the circle?

12.) Decipher: "Rejection on conspicuous consumption prevents penury."
(DNCTHWG)

HW 4.8 - NULG, Satellites, and Kepler’s Laws
1.)

What is the gravitational attraction between you and a cup of
coffee at a distance of 40 cm? Use approximate values for your
mass and the mass of the coffee.

2.)

What is the gravitational attraction between the earth and the
International Space Station? (ISS mass = 3.5 x 105 kg, orbit at at
350 km above the earth’s surface).

3.)

If a satellite was orbiting at 30 m/s, what would be the height
(above the surface) of its orbit?

4.)

If you wanted a satellite to orbit the earth 4 times per day, at
what height would you position the satellite?

5.)

Satellite 1 orbits at speed V1. If satellite 2 orbits at exactly
half the speed of 1, how do the two orbits compare?

6.)

If one satellite is orbiting at radius r, and another at 5r, what
is the ratio of their speeds? (The radii are given from the center
of the earth).

7.)

If a car goes over a large hill, of radius 60 m at 15 m/s, what is
the driver’s apparent weight at the top of the hill? Assume a 60
kg person.

8.)

If a person is in a space ship, passing the earth 500 km above the
surface while traveling at 3,000 m/s, what is their apparent
weight? Give you answer in terms of m, the mass of the person.
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9.)

It the earth were to rotate so that a day only lasted six hours,
what would be the apparent weight of a person compared to their
present weight?

10.) Given that the period of orbit of the earth is 365.25 days, and the
period of orbit of Venus is 255.5 days, what is the ratio of the
distance from Venus to the Sun compared to the distance from the
Earth to the Sun?
11.) In a newly discovered solar system, in a galaxy far, far, away, a
planet is found with a period of revolution of 600 days, and a
distance from its sun of 4.5 x 1010 m.
a.) If a second planet is discovered that has a period of
1500 days, what is its distance from its sun?
b.) What is the mass of the sun in this system? Answer in
both kilograms and in reference to the mass of our own
sun.
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Labs and Activities
Lab 4.1 - Newton’s Second Law
In this experiment we will attempt to verify Newton's Second Law of
Motion. This law states that the sum of the forces on an object is
equal to the mass time the acceleration of the object. Mathematically:
ÓF = ma
The set up that we will use is pictured below. We will apply different
forces to a kinematics cart by means of masses suspended by a string and
attached to the cart via a pulley. We will use five different masses,
and thus find five different accelerations. From these data points, we
will create a Force vs Acceleration graph and find the slope of this
graph. This slope should be the total mass of the cart plus the hanging
weights. Either a ticker tape device, or a computer interface can be
used to find the acceleration of the cart.
Procedure:
1.)

Set up an incline plane track and level it to the best of your
abilities (with a bubble level). Attach a pulley and set up the
cart and ticker (or motion sensor) as shown below.

2.)

Place 200 g of slotted masses on the cart.
When the procedure
calls for you to put a mass on the mass holder, use the masses on
the cart. It is important that the masses on the cart and on the
holder add up to 200 g at all times (there is a reason for this
will be apparent in a few chapters).

3.)

With just the mass hanger attached, release the cart and start the
ticker or the sensor.

4.)

Find the acceleration of the cart, either by analyzing the ticker
tape, or graphing v vs. t on the computer and finding the slope.
Either way, be sure to include your graph in your lab, and label it
so you don’t forget which trial it was.
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5.)

In your data table, record the acceleration and then record the
weight of the hanging mass hanger as the force.

6.)

Repeat this procedure four more time, adding 20 g to the mass
hanger each time, remembering to remove it from the cart.

7.)

From your data table, graph force vs. acceleration. Determine the
slope of this graph and find a percent error between the slope and
the total mass involved in the experiment (mass of cart + 200 g +
mass of hanger).

Hints on Analysis and Conclusions:
What is the shape of your last
graph? Why does this make sense according to Newton's Second Law ? How
could you determine the mass of the cart from your graph ? Compare the
experimental mass of the cart (when you determine the mass of the cart
from your graph, it will include the 200 grams from the slotted
masses+the hanger) with the accepted value measured in lab (percent
error). How effective was this lab in demonstrating Newton's Second
Law?
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Lab 4.2 - Resolution of Forces
In this lab we will be using a combination of our laws of motion along
with a resolution of forces from Newton's Second Law to determine the
mass of an unknown object. Consider the system shown below. Suppose we
attach an unknown mass to one side of the pulley system (m1) and attach
a known mass to the other side (m2) so that the system accelerates in the
direction shown.

If we accurately measure how long it takes the known mass to cover a
certain distance, we can determine its acceleration using our equations
of motion.
Once an acceleration is determined, we can use our
resolution of forces for pulleys to solve for the unknown mass (given
the acceleration and the known mass).
Procedure:
1.) One person should stand on the balcony above the commons and the
other should stand below.
Place a few books on the area where the
masses will be striking the floor so that you don't damage any bricks
when the masses land.
2.) Attach the known mass to one end of the pulley system and attach an
unknown mass to the other. Experiment with the known masses so that the
system will not accelerate too fast for your partner to measure or too
slow so that friction becomes a factor.
3.) When you are ready to time the mass falling, have the partner on
the floor hold the unknown mass so that it is just touching the floor.
The person on the balcony should then secure the string and the person
on the floor can step back to time the event and to make sure no
innocent bystander is approaching. The person on the top should also
catch the unknown mass as it comes up so that the string does not break.
4.) When the person on the top lets go of the string the other person
should use a stop watch to time how long the mass takes to reach the
floor.
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5.) The entire procedure is repeated three time with the same mass and
an average is taken.
6.)

The procedure is repeated three times with different known masses.

7.) When you are done, you must measure the distance that the mass
fell. This needs to be done as accurately as possible. The best method
to use is to note exactly where the top of the mass is hanging before it
is released, then release the mass and mark the string when the mass is
on the floor. Cut off the string and measure the string with a meter
stick.
8.) Using the average time for each known mass, the mass of the unknown
object is calculated.
9.) The unknown mass is then taken to a balance and its mass is
determined.
10.) The percent error for each of the three known masses is calculated.
Hints for conclusions: The theory section should include a derivation
of the pulley equations and should show the equation that you use to
determine the unknown mass (solved for m1). Then solve your equation of
motion for the acceleration and combine these two so that your have one
equation that allows you to calculate the unknown mass using the known
mass, the distance traveled and the time it took. Calculate percent
error and comment on any discrepancies.
Lab Extension #2 - Expected Error Ranges
In our previous extension, we discussed how to evaluate the
precision of an experiment to determine how well it was performed (it
also tells you quite a bit about the precision of the equipment used).
In this extension we will focus on accuracy.
There are two types of accuracy in an experiment: accuracy related
to the measurability of quantities and accuracy due to human error. For
our purposes we will call these two things expected accuracy and
experimental accuracy, respectively. Experimental accuracy is measured
by percent error, which tells you how far off the accepted value your
result was. Expected accuracy deals with the built in limitations of
the materials used and the measurements made.
Determining Expected Accuracy.
In this section, we will outline a very crude, yet effective,
method of determining expected accuracy.
This is a theoretical
measurement, meaning it is derived mathematically (preferably) before
the experiment is carried out. Expected accuracy tells you ahead of
time within what range you can expect your answer to fall.
No
experiment is perfect, since they all rely on human performance and
ability as well as relying on the precision of your measuring devices.
This is best illustrated by example.
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Consider the experiment just carried out.
In this case, three
measurements were taken to arrive at an answer:
time, distance and
known mass. Imagine that a small error was made in the timing (a very
possible situation, since humans all have some measurable reaction time
between when the mass began to move and when the timer was started). If
a mistake was made in the timing, you would expect that mistake to cause
an error in your final answer. Suppose you knew that your reaction time
was 0.1 sec.
If you assumed that, then you would expect a certain
amount of error in your experimental mass. That expected error is the
expected accuracy of the lab. Philosophically, what we are saying is
this: "I know I will have some errors in my measurements, and therefor
some errors in my answers. If my answers are within the error I expect
my measuring mistakes to cause, I can say the lab was a success".
The expected error concept gives you an idea of the overall success
of a lab. Imagine that you did a lab and came up with a 50% error. Was
that good or bad? Most students would say bad, but it is possible that
a lab might have an expected error of 80%. This could arise if the lab
was very complicated (mathematically) and relied heavily on one
measurement. One small error in that measurement might be magnified by
using that measurement in the calculations. On the other hand, a 1%
error might be terrible in a lab that had an expected error of 0.02%
(such a lab might have extremely precise measuring devices).
To calculate the expected percent accuracy is a very difficult task
(mathematically), so we will engage in a simplified version for this
lab.
What we do is to take the average measurement for one of our
quantities (in this case time) and calculate the unknown using that
quantity (the unknown mass). We will call this m1. We then determine
how inaccurate we might have been in measuring the time (say 0.1 sec)
and add it to our average time. We use this time to find the unknown
and call it m2.
Next we do the same thing after we subtract the
inaccuracy from the average and call the unknown m3. What we are saying
is that our expected inaccuracy if our time was too high it would yield
a result of m2 and if our time was too low, it would yield m3. We then
find a percent error for m2 using m1 as the accepted and another percent
error for m3 with m1 as the accepted. These percents (one positive and
one negative) tell us that we can expect this lab to yield results
between these two values. They can also tell you if your error was too
high or too low. It is possible that a time that is too high might mean
a mass that is too low, your expected accuracy will tell you which
direction your timing error will send your experimental value off the
mark.
Before we calculate this for this particular lab, we should
mention that to do this properly, you would need to add in the expected
errors for each measurement (and determine which way it would cause the
error to go - in some cases you would need to add errors in one
measurement and subtract them in another to calculate the answer
properly).
Lab Calculations:
Calculate the expected accuracy for this lab after determining the
expected error in timing. Do your experimental errors fall within this
range?
Was your timing too quick or too long?
How do your errors
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compare with the accepted ones?

Comment on any discrepancies.

Chart to Assist in Calculating Expected Accuracy Bounds
Average time value
"Accepted" mass
value
Predicted error in
time
High time value
Resulting mass
value
Low time value
Resulting mass
value
"High time"
percent error
"Low time"
percent error
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Lab 4.3 - Kinetic Friction
The purpose of this lab is to learn to evaluate the coefficient of
kinetic friction for a moving object.
We will do so by using a
kinematics cart and measuring the acceleration caused only by friction.
If we start the cart by releasing the plunger, it will travel across the
floor and accelerate (negatively) to a stop because of friction. If we
know the distance and the time of travel, we can evaluate the
acceleration (by using our equations of one dimensional motion and
substituting the vi with our vf of zero (why can we do this?)). Once we
have the acceleration, we can determine the force from Newton's Second
Law and by doing a force analysis, we can determine the coefficient of
friction.
Procedure:
1.)
2.)
3.)
4.)

Set a dynamics cart on a long, smooth surface and place it, with
plunger set, up against a brick.
Release the plunger and start the stop watch at the same time,
stopping the watch when the cart comes to a complete stop.
Measure the distance traveled and record this along with the time
in the chart below.
Repeat this five times.
Trial

Time

Distance

Acc.

1
2
3
4
5
Average
5.)
6.)

Accel.

Determine the acceleration for each trial and the average
acceleration.
Repeat the entire process by having the cart transverse the same
track in the opposite direction.
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Trial

Time

Distance

Acc.

1
2
3
4
5
Average

Accel.

Analysis and Conclusions:
By doing a force analysis, determine the
coefficient of friction for the car in each direction.
Was there a
difference? Also explain (in your theory!) why we were allowed to use
our equation of motion substituting final velocity for initial (consider
symmetry for the answer).
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Lab Extension #3 - Correcting for Inherent Errors
Sometimes in a laboratory setting, there will be problems with the
lab that simply cannot be eliminated. A perfect example of this would
be doing some sort of chemistry lab involving gas collection on a humid
day.
In that case, some water vapor would get into the collected
sample. This problem is easily solved, however, since you can determine
the vapor pressure of water and in essence subtract the effect from your
results. Other problems are not so easily resolved.
Imagine that the floor in the physics lab was not level, but
slanted. In that case, the slant of the floor would cause an extra
acceleration (either positive or negative, depending on which way the
floor sloped) to your cart. Determining if this was a factor in your
lab requires a brilliant and ingenious method.
This technique involves doing the experiment twice, once when the
factor is working with the experiment and once when it is working
against it.
This is the reason we did the experiment once in each
direction. The way we determine the effect of the floor angle is to do
a force analysis on the cart (including the slant of the floor) once for
each direction.
Inputting all the know information into these two
equations will give you two equations with two unknowns (ì, the
coefficient of kinetic friction and è, the angle of the floor). Using
these two equations you can solve for both of these unknowns.
Do so for this lab and answer the following questions.
What
percent error did the floor angle cause in this lab?
Was this
significant? What percent of the acceleration did the floor angle cause
in this lab? What was the angle of the floor?
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Lab 4.4 - Centripetal Force
In this lab we will be examining the relationship between
centripetal force and tangential velocity. Using the apparatus below,
the ball will be swung in a horizontal circle above your head. When the
ball is moving at just the right velocity so that the weight of the
washers supply the correct centripetal force, the paper clip will remain
motionless. When this occurs, the speed of the ball can be determined
using the time it takes to complete 10 revolutions and the radius of the
circle, and the centripetal force determined by weighing the washers.
These two quantities can then be graphed and the relationship
determined.

Centripetal Force Apparatus
1.) Place six washers on the free end of the string (designated as
weight above). Measure out enough string so that the ball will swing in
a circle of radius 0.75 m and then mark the string with a small piece of
tape at the point where the string leaves the bottom of the glass rod.
2.) Place an paper clip on the string about 4-5 cm. below the tape and
attach a piece of tape to the clip so that it is easily visible.
3.) Swing the ball in a horizontal circle above your head so that the
paper clip remains stationary and the tape is just barely visible. Once
you have achieved this, have your lab partner use a stop watch to time
the amount of time it takes to complete 10 revolutions.
4.) Using this information, determine the velocity of the ball. Record
this information.
5.) Use a triple beam balance to determine the mass of the washers and
the mass of the ball. Record this information.
6.) Repeat steps 3 through 5 nine more times with differing numbers of
washers (maximum of 20). If you find that 10 revolutions is occurring
too fast to measure accurately, you should use 20 or 30 revolutions.
Notes on Conclusions:

Plot

a
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velocity and determine the relationship between the two variables (this
may take more than one graph). The slope of your final graph should
have an accepted value. What is it ? Determine the percent error for
this value.
Common Mistakes: Please note that you are graphing centripetal force
versus velocity. In each instance, the centripetal force is supplied by
the weight of the washers (DO NOT CALCULATE IT USING YOUR FORMULA - THIS
IS WHAT YOU ARE TRYING TO PROVE!). The centripetal force formula should
never be used in this lab. If you find yourself using it, you are doing
something wrong.
Trial

# of
washers

# of
revol.

time

velocity

1
2
3
4
5
6
7
8
9
10

mass of ball
mass of one
washer
radius of
circle
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centrip.
force

Lab Extension - Adding Realism
In reality, the ball can never be swung perfectly horizontal. The
actual weight of the ball will always cause the string to make some
angle with the horizontal, shown as è in the diagram below.

This dip causes two sources of error to occur in your lab. First the
centripetal force is no longer equal to the weight of the washers, it is
equal to Wcosè.
Second, the radius that was used to calculate your
velocity and your slope is no longer a constant for each trial (r), but
instead is equal to rcosè, which is different for each trial (r is the
string length).
To make the lab more realistic, do a force diagram and then
determine è for each trial, then redo all the calculations. From this
new data table, graph Fc versus vt2/r' and get a slope value (r' is the
new radius, rcosè).
What is this value?
Find a percent error and
compare to the percent error in the original lab. Note: the graph in
the extension and the graph in the lab are different. They do not have
the same accepted slope - be careful and make sure you understand what
you are doing and what you are comparing.

Trial

è

vt2/r'

velocity

Weight
of
washers

1
2
3
4
5
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Centrip.
force

Activity 4.1 - Forces and Springs
In this activity, you will use the computer interface to make a number
of graphs of a mass hanging from a spring and bouncing up and down. By
comparing these graphs, you should try to make some conclusions about
the interrelationships between the variables. The varibales you will be
comparing will be force of the spring, acceleration of the object and
position of the object.
Procedure:
1.) Set up the equipment as shown below (set the counting rate at 50
Hz).

2.) Set the mass in
motion and begin recording
data from both the motion detector and the force detector. Continue for
five or six full cycles of the masses motion. If the motion detector is
not registering properly, put a piece of cardboard on top of the mass to
give it a better reflecting surface.
3.)

From this
1.)
2.)
3.)
4.)
5.)

data, construct five graphs:
Force versus time
Position versus time
Acceleration versus time (turn off “connect points” to
get a better graph.
Force versus acceleration
Force versus position

4.) Using these graphs and you own “little grey cells” try to determine
as many conclusions as possible. In some cases it might be possible to
determine equations relating the different variables.
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Activity 4.2 - Pulley Systems
In this activity, you will construct different pulley systems and
learn how they are used to lift heavy objects with ease. You will also
learn the term mechanical advantage and why pulley systems work.
Introduction: A pulley system is a combination of pulleys with a common
string wrapped around all of them. Usually a weight is placed on one of
the pulleys and the string is pulled to lift the weight. The mechanical
advantage of a pulley system is the number of times that the system
multiplies your effort force. For example, it is possible to construct
a system that requires you only to pull with 20 N to lift a 100 N
object. In this case the MA of the system is 5. There are two types of
mechanical advantages, ideal mechanical advantage, or IMA (the number of
times the machine should multiply your force) and actual mechanical
advantage, or AMA (the number of times it actually does multiply your
force. The AMA is found by measuring the weight of the object lifted
and the force needed to lift it. The IMA is found by measuring the
distance the object is lifted when the string is pulled a certain
distance.
AMA = weight of object/force needed to lift
IMA = distance string pulled/height object lifted
In this activity, you will measure both the IMA and AMA of five pulley
systems that you construct and see how close they are to each other (a
frictionless systems would have IMA=AMA).
The systems to build are shown below. Notice that when multiple
pulleys are needed they are drawn one on top of the other for clarity,
but they could just as well be placed side by side.

LetsLearnPhysics

-

Chapter 4 -

Page 140

You will notice from these diagrams that the IMA of the system can be
calculated easily by simply counting the number of strings directly
supporting the weight. Take another look at those diagrams to see the
pattern. One word of warning, however, you must only count the strings
directly supporting the weight. For example, what is the IMA of the
systems below?

In this case, it is only 2, not 3, as many students might guess. The
final portion of the string, labeled effort, is not directly supporting
the weight.
The reason for this correlation between string number and IMA is
simple.
Consider a free body diagram for the bottom pulley in the
system with an IMA = 3. It would look like this:
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Thus in equilibrium we have:
T + T + T = mg
and since all the Ts are equal (they are all the same string), we have:
3T = mg
or
T = mg/3.
Using this logic, the student can see why in the last example the
portion of the string labeled effort did not contribute to the IMA.
Procedure:
1.)

Construct a pulley system with an IMA = 1.

2.) Measure the effort required to hold a mass in equilibrium and
measure the weight of the mass.
3.) Pull the string a certain distance and measure the how high the
mass rises (it might be better to measure how far the string needs to by
pulled to raise the mass a certain distance).
4.) Repeat the procedure for IMAs of 2, 3, 4, and 5.
design the system with IMA of 5 yourself.

You will need to

5.) Calculate the IMA and AMA and compare them to see how efficient
each system is. Draw any general conclusions you can.
6.) Devise a method of measuring the IMA of the pulley system given by
your instructor.
Pulley
System

Effort
Force

Object
Weight

Effort
Dist.

Object
Dist.

1
2
3
4
5

Mechanical Advantage of Instructors System:
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IMA

AMA

Activity 4.3 - Forces in an Elevator (Apparent Weight)
In this activity, you will use a remote computer interface to
measure the forces on an object in an elevator.
The apperatus will
consist of a remote interface, a force sensor and a mass tied to a
string and attached to the force sensor. You will measure the forces on
the string while the elevator goes up to the second floor and then
measure them again on the ride down. You will use this information,
along with a force diagram and analysis to find the maximum acceleration
of the mass both upwards and downwards.
Procedure:
1.) Familiarize yourself with the operation of the remote interface and
program it to measure force versus time.
2.) Bring the equiptment in the elevator and begin recording the
instant that you press the button for the second floor. Be sure to
either hold the device very still, or mount it on a ring stand.
3.)

Stop recording when you are fully at rest.

4.)

Repeat the procedure while the elevator goes down.

5.) Return to the computer and download the data as quickly
possible, since another group might be waiting on the device.
6.)

as

From this data, graph force versus time for each run.

7.) On these graphs, label all the signifigant sections of the elevator
ride (i.e. acceleration begins, second floor reached, etc.)
8.) Using the graphs and a force analysis, determine the maximum
acceleration achieved by the block.
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Activity 4.4 - Static and Kinetic Friction
In this activity, you will use a computer interface to investigate
the relationship between frictional forces and velocity. This will be
done using a force sensor and a motion sensor and graphing velocity
versus force while a large, heavy object is dragged across the table.
Procedure:
1.) Place a large, heavy (2-3 kg) object on the desk and attach a
string (or other contrivance) to it so that it can be dragged by the
hook on the force sensor.

2.) After being sure the sensors are calibrated, begin the experiment
by turning on the sensors and gradually increasing the pull on the force
sensor until the object moves about one meter across the table.
3.) There time interval measured should be about equally distributed
between the object standing still and the object moving. You should
also attempt to pull the object at a roughly constant velocity across
the table.
4.) Manipulate the graphs so that you end up with a graph of velocity
versus force for the experiment.
5.) Repeat the above procedure, this time pulling the object more
sharply, resulting in a shorter time standing still and a more
accelerated motion across the table.
Conclusions: By examining the graphs and using your knowledge of the
behavior of frictional forces, draw as many conclusions as possible
regarding the experiment. Do the graphs support the concepts discussed
in this chapter?
Give specific examples of how this is shown by
referring to specific parts of the graph and specific concepts.
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