Chapter 2
One Dimensional Motion
2.1 Introduction
The primary focus of the study of Physics is to understand how
and why the universe works the way it does. However, in order to
understand how something works, we must first be able to describe it.
For example, we could not begin to explain why a penny and a feather
fall differently through the air unless we could first describe the
differences between how they fall. In Physics, and in all sciences,
describing things accurately and in a manner that everyone can
understand is very important. In general, the first few chapters in
Physics textbooks are simply devoted to learning how to describe
moving objects.
In this chapter, we will learn how to describe objects that move
along a straight line path. This may sound like an easy task, but as
you will see in this chapter, there is a lot more to describing an
object than most beginning physics students realize.
Being able to talk about motion and to describe motion is
essential the study of Physics. Therefore, I urge the student to make
sure they understand the information in this and the following chapter
before moving on. Without a good, solid understanding of motion, the
much of the later material will be hard to understand at all and
difficult to comprehend fully.

2.2 Frames of Reference
When beginning to study a new topic, the first thing that needs
to be done is to give a definition of the topic. If you try to define
motion, however, we run into a slight difficulty.
If I were to ask you if you are moving right now, you might be
tempted to say, “No.” But you are in fact moving if we consider that
the earth is rotating (assuming you are on the earth right now...) and
the earth is orbiting around the sun, which is orbiting around the
galaxy, et cetera. So, we see that the definition of motion depends
on what the object is being compared to. A good definition of motion
is given below.
Motion: to change position relative to an object considered
stationary.
The object considered stationary is called a frame of reference.
For example, consider driving down the road while wearing a baseball
cap. If someone asked you simply to “Describe the motion of the
baseball cap,” you would not be able to answer. You cannot describe
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the motion of an object without first knowing the frame of reference.
The motion of the baseball cap according to the frame of reference of
you is that the cap is not moving. If you are the frame of reference,
then you are considered stationary and according to you the cap is not
moving. The motion of the baseball cap according to the frame of
reference of the ground could be moving at a constant speed of 30 mph
north (or whatever motion the car is undergoing). The motion of the
baseball cap according to the frame of reference of someone in an
airplane flying overhead would be even more complicated.
In normal, non-physics conversation, we generally discuss motion
with an understood frame of reference of the ground. For example, if
you ask someone to describe their driving, they will probably answer
something like 55 mph East, without stating that speed as being
relative to the ground. It is generally understood without being
stated. We will usually do the same in Physics. If the problem does
not specifically state the frame of reference, it is understood to be
the most obvious one in the problem. For example, if the problem is
on the earth, the frame of reference will be the ground. If the
problem is inside a space ship, the frame of reference would be the
space ship.
As a historical note, Newton realized the importance of the
concept of a frame of reference when he developed his theories of
motion back in the late 1600s. Einstein also realized the importance
of the concept of a frame of reference, and he used the idea as a
cornerstone of his famous Theory of Relativity. In fact, even at the
highest levels of theoretical physics, the concept of a frame of
reference is still tremendously important.
We will revisit “frames of reference” in a later chapter, but it
is useful to take a few minutes and to go over a few “thought
exercises” at this time.
The most important thing to remember when dealing with frames of
reference is that what ever is the frame of reference is considered to
be standing still, all other motion is adjusted to fit the fact that
the frame of reference is standing still.
At this point in most textbooks, the only types of frame of
reference problems are conceptual problems. In the next chapter we
will put numbers and formulae to this concept.
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Example 2.2.1
Imagine the example of a baseball hat as given in the chapter above. If the hat is on the
head of the drive of car #1 which is traveling at 55 mph South (relative to the ground), what
is the motion of the hat according to:
a.)
The frame of reference of someone standing at a corner.
b.)
The frame of reference of someone sitting in the back seat of car #1
c.)
The frame of reference of someone in car #2 which is traveling on the same
road in the opposite direction at 40 mph.
d.)
The frame of reference of someone in car #3 which is on the same road
traveling in the same direction as car #1, but traveling at 20 mph.
e.)
The frame of reference of someone on a different road, traveling at 30 mph
East.
f.)
The frame of reference of someone on the same road, traveling at 80 mph
south.

Example 2.2.2
Imagine that you are traveling at 30 mph East (relative to the
ground) along a road. If you are the frame of reference, what is
the motion of each of the following:
a.) the ground?
b.) a car approaching you at 30 mph relative to the ground?
c.) your car?
d.) a car going in the same direction as you traveling at 20
mph relative to the ground?

Example 2.2.3
Consider a person flying in an airplane at 400 mph North.
Considering the airplane to be frame of reference, find an object
that would exhibit each of the following motions:
a.) 300 mph North
b.) 400 mph South
c.) 500 mph South
d.) 10 mph North
e.) 10 mph South
f.) 200 mph SE (the numbers do not have to be completely
accurate, simply make a reasonable guess)>
g.) 200 mph SW (again, the numbers do not have to be
completely accurate.
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Example 2.2.4
If a boat was traveling down a river at a speed of 50 mph south, and it fired a
cannon ball straight up in the air, what would be the path of the cannon ball according to
a.) the frame of reference of the boat, b.) the frame of reference of the ground, and c.)
the frame of reference of someone on another boat traveling at 30 mph north. All boat
speeds given are relative to the bank of the river.

2.3 Position, Displacement, Speed and Velocity
Now that we have an understanding of the definition of motion, we
can move on to the heart of the chapter: describing motion. In
physics, when we say we are going to describe something, we mean that
we will be describing it mathematically. As the chapter title
illustrates, we will limit our discussion to one-dimensional motion,
or motion along a straight line.
In order to mathematically describe motion, we must first
superimpose a number line, or an axis on top of the motion. While it
is usual to place the number line with zero being the starting
position, it is not necessary. The object can start and end anywhere,
the positioning of the line is completely arbitrary.
Once we have a number line on top of the motion, we can start to
describe its motion. The position of the object is its location on
the number line at any one time. Generally, the position is given by
the variable x, although some books use d. The units would obviously
be in meters (or whatever unit of length is being used).
Another concept of interest would be distance traveled, which is
the full length of the path traveled over a period of time. This is
fairly self explanatory, since most people are familiar with the
concept of distance. There is no standard equation for distance,
simply because of the many different paths that can be taken. The
units would again be meters and distance is a scalar, meaning it has
no direction.
A concept related to distance is displacement. In words,
displacement is the distance and direction from starting point to
ending point over a period of time. Notice how this includes a
direction, and thus displacement is a vector. We usually abbreviate
displacement with Äx. As you may recall from math class, any delta is
a change, measured from initial to final and can be found by
subtracting. Thus the formula for Äx is given by:
Äx = xf - xi
Since the units of x are meters, the units of displacement are meters.
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Thus we have three main ideas:
Position (x) - the location of the object, in meters, along an
arbitrary line.
Distance (d) - the length of the path traveled, in meters, a scalar
quantity.
Displacement (Äx) - a vector, representing the distance and direction
from the starting point to the ending point of a motion, in meters.
Before we leave this idea, we should make a comment regarding
dealing with vectors in one dimensional motion. When the motion is
strictly along a straight line, there are only two possible
directions. Thus, to simplify things, we indicate direction by using
simply positive and negative. So instead of writing a displacement at
3 m at 0o, we will simply say the displacement is +3 m. This makes
thing much simpler since we can treat the vectors as numbers for
addition and subtraction. However, we need to remember that these
things are actually vectors, and can be treated as such when we move
into two dimensional motion in a later chapter.
Example 2.3.1
Consider motion occurring along the number line below:

A few questions will serve to demonstrate the differences between distance and
displacement:
a.)
b.)
c.)
d.)
e.)
f.)
g.)
h.)
i.)
j.)
k.)
l.)

If an object moves from B to C, what distance has it traveled?
If an object moves from B to C, what was its displacement?
If an object moves from C to D, what distance has it traveled?
If an object moves from C to D, what was its displacement?
If an object moves from A to E, what distance did it travel?
If an object moves from A to E, what was its displacement?
If an object moves from E to A, what distance did it travel?
If an object moves from E to A, what was its displacement?
If an object moves from E to F, what distance did it cover?
If an object moves from E to F, what was its displacement?
If an object moves from A to C to E, what distance did it travel?
If an object moves from A to C to E, what was its displacement?
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Notice how displacements can be negative and positive, while distances
cannot, and also notice how displacements only involve the starting
and ending points, they do not take into consideration the motion inbetween. With that in mind, your distance traveled during an entire
day is very different from your displacement for the entire day (which
is, of course, zero - assuming that you end your day in the same
location from where you started.)
Once we understand displacement, we can start to discuss our next
topic, which is speed and velocity.
Speed is simply the distance traveled for an object divided by
the time it took to travel that distance.
Speed = s = distance/time (units of m/s)
You probably remember this formula from all the word problems you did
in math class where distance equals rate times time. In physics,
however, the concept of speed is not as useful as the concept of
velocity. Velocity can be defined a number of different ways, but the
two best word definitions are below.
Velocity is the time rate of change of the position of an object.
Or
Velocity is the speed and direction of an object’s motion.
The second definition above is a very simple definition, while the
first one is more accurate. Velocity, since it has a direction, is a
vector. It points a certain way. For example, 35 m/s is a speed,
while 35 m/s North is a velocity. The second definition shows us that
velocity is a time rate of change. A time rate of change is a very
important idea in Physics, and an essential part of understanding
Calculus. It means exactly what the name implies, it measures how
quickly (or slowly) something is changing. In this case, velocity
tells you how quickly the position of an object changes over time.
In Physics there are two kinds of velocities, average and
instantaneous. Average velocity is the velocity of an object over a
given period of time, while instantaneous velocity is the velocity of
an object at one instant in time. Notice the main difference here,
average velocity involves two times (beginning and ending time) while
instantaneous involves one time only.
Both average and instantaneous velocity are found using the same
equation:
V = Äx/Ät
Note how the velocity and the position are both vectors in the
equation above. Thus velocity is displacement over time. An astute
student might be wondering how we can use the equation above to find
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an instantaneous velocity, since it poses a practical problem, but we
will ignore that issue for now. For now, we will only use this
formula to find average velocities.
Example 2.3.2
The graph below represents an object moving along a straight line. Find the
average velocity of the object from a.) 0 to 10 seconds, b.) 0 to 5 seconds, and c.) 5 to
10 seconds.

Example 2.3.3
An object’s motion is represented by the graph below. Find the object’s average velocity
for the time periods of a.) 0 to 20 seconds, b.) 0 to 10 seconds, and c.) 5 to 10 seconds.
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2.4 Acceleration
So far we have learned that objects move (nothing new there), or
change position and that they do so at a certain rate which is best
described by a vector quantity called velocity. However, there is more
to describing motion that just position and velocity. As you are
aware, if you have ever ridden in a car, the velocity of an object can
also change. If something changes, we can measure it with a time rate
of change, and thus we have the acceleration of an object. Velocity
tells you how quickly your position is changing, and acceleration
tells you how quickly your velocity is changing. Mathematically,
a=Äv/Ät (units of m/s2)
Because acceleration is an essential concept in physics (and according
to what we know, in the universe as well!) we are going to spend a
good deal of time introducing the concept and going over the differing
aspects of acceleration. The reason we spend so much time on this is
because acceleration is a deceptively complicated idea. It seems easy
to understand, but very often student think they understand it when
they really do not. What follows is a detailed investigation of the
concept of acceleration.
Imagine you are driving your car at 25 m/s (approximately 55 mph)
and you maintain that speed over a period of time. Your acceleration
would be zero because your velocity is not changing (provided you are
on a straight road, more about that later). Now imagine you take off
from a stop light and speed up to 25 m/s in 10 seconds. Since your
velocity changed, you accelerated at 2.5 m/s2 (an astute student might
ask, “How do you know that it changed at a constant rate? Perhaps you
gained more speed in the first second than in the second.” It is
true, we cannot assume that, however, let us make it simple in the
beginning by making that assumption. In fact, in this chapter, all
accelerations will be considered to be constant. What does that tell
us about the average and instantaneous acceleration?). Notice the
units of acceleration, since they contain a clue about its meaning.
Some books write the units as m/s/s (pronounced meters per second per
second). Although this is an awkward method of writing the units, it
is a little closer to the physical meaning. An acceleration of 2.5
m/s/s means that your velocity changed by +2.5 m/s every second. And
an acceleration of 15 m/s2 means that every second your velocity
increased by 15 m/s.
Perhaps the best way to get an initial understanding of
acceleration is by filling in the following charts below.
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Fill in the missing information on the chart below if the object has a
constant acceleration of 8 m/s2.
time
(sec)

velocity
(m/s)

0

0

acceler
(m/s2)

1
2
3
4
5
6
Make a special note that when the velocity was zero, the acceleration
was not. You can have acceleration while stopped (momentarily).
Fill in the missing information on the chart below if the object has
a constant acceleration of -8 m/s2.
time
(sec)

velocity
(m/s)

0

0

acceler
(m/s2)

1
2
3
4
5
6
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Fill in the missing information on the chart below if the object has
a constant acceleration of -8 m/s2.
time
(sec)

velocity
(m/s)

0

90

acceler
(m/s2)

1
2
3
4
5
6

Fill in the missing information on the chart below if the object has
a constant acceleration of 8 m/s2.
time
(sec)

velocity
(m/s)

0

-90

acceler
(m/s2)

1
2
3
4
5
6

These charts show us that acceleration measures how the velocity
is changing. In fact, to accelerate means to change velocity (an
important definition).
A few notes should be made about acceleration at this time. As
was mentioned before, acceleration is an essential concept in
describing motion, one that is usually not fully understood by
students. Acceleration is tricky and very often I see students who
think they understand it, but really don't. Thus I implore you to
pay close and special attention to this concept.
The first note is that acceleration is a vector and thus has a
direction (once again, the student is reminded that all of these
motion concepts are vectors). As a direction, acceleration can be
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negative. By referring to the charts above, we can see that the
direction of the acceleration can be given by a + or - sign (unless
we are working in three dimensions, in which case we would need to
use a full vector treatment and accelerations could point any which
way). It is sometimes helpful to remember that the plus or minus
signs on accelerations are simply direction indicators, like left or
right and east or west. By saying that an acceleration is negative,
we are really saying that it points a certain way. This direction
indicator, being attached to the acceleration, has no bearing on the
objects velocity or position (no bearing on which way it moves, only
a bearing on how its motion is changing). On the diagrams below,
arrows are shown to indicate the accelerations direction.
In the first instance, the car is taking off from a stop light,
thus having positive acceleration and (after the first instant)
positive velocity.

Now imagine the brakes are applied. The car would then still be
moving forward, but its velocity would be decreasing (or more
accurately, getting more negative), thus we would have the case
below.
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If for some reason, the car was moving in reverse and then the driver
applied the brakes, we would have a case of negative velocity that
was becoming more positive or:

The important thing to remember here is that the signs of things like
velocity, acceleration and displacement are directions, they don't
have physical meanings like forward or reverse. Positive and
negative on a number line are arbitrary designations, you pick which
was is positive and which way is negative. The usual convention is
to make the right side positive.
Hopefully, the above discussion will cause you to remember two
things about acceleration. First, that it has a direction, either
positive or negative (left or right) and secondly, that the direction
is not connected to the direction of the object's motion.
Some books call a negative acceleration a "deceleration", but in
this treatment we will never use that nasty term since it can lead to
confusion. Consider a negative acceleration of -5 m/s2. This means
that every second that goes by your velocity changes by -5 m/s. If
you start out at 20 m/s, after four seconds you would be at a stop.
certainly this meshes with our concept of deceleration. However,
what happens after the fourth second? If the acceleration continues,
you begin to speed up in reverse and after four more seconds you are
traveling at -20 m/s. Thus our deceleration has caused us to speed
up. Most people don't consider this, since the most obvious physical
example of motion is a car. When you hit the breaks you are
imparting a negative acceleration to the car, but after you stop you
don't begin moving in reverse. The reason is that when your car
reaches a stop, the acceleration stops (for reasons we will learn
later when we discuss friction). If we deal with a case of constant
acceleration, the situation is different. Constant means it will not
change and thus it will cause the object to move backwards. A very
simple example of this is throwing a ball up in the air. In that
case the acceleration is constant (since it is caused by gravity) and
the ball goes up, switches directions and falls down. Often students
are stumped by the tricky question of “What is the acceleration at
the top of the motion?” The answer is, the same as it was all along,
it is constant acceleration and has never changed. The same
situation can be see if a ball is rolled up a hill. A further
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example of why deceleration is a bad term to use for negative
acceleration comes when we consider a negative velocity and a
positive acceleration. In this case positive acceleration is causing
us to slow down. Deceleration generally means to slow down, thus
with a little thought, the student can determine under what
situations the term may be used properly.
If we consider positive to be "forwards" just for a minute, then
the chart below will help to clear up some of these concepts.
0 vel.

+ vel.

- vel.

0 acc.

standing still

going to the
right at a
steady speed

going to the
left at a
steady speed

+ acc.

taking off
from a stop,
going to the
right

speeding up
going to the
right

slowing down
going to the
left

- acc.

taking off
from a stop,
going to the
left

slowing down
going to the
right

speeding up
going to the
left

One final comment on this matter; it doesn't matter which way your
car is facing!
Before we go on to the next subtlety to be revealed in our quest
to understand acceleration, I would like to make a rather general
comment about an example mentioned previously. The example given was
the situation where an object is thrown up in the air. In such a
situation, we only consider the object once it is free of the hand.
In other words, the throwing and catching parts of the motion are
disregarded. The example only consists of the motion of the object
when it is under the influence of gravity alone. The reason for this
is that we have restricted ourselves to a discussion of motion with
constant acceleration. When the object is in contact with the hand,
both being thrown and being caught, the acceleration is not constant
and it is surely not the same as it is when the object is in the air,
under the influence of gravity. It would be a good exercise for the
student to attempt to graph the acceleration over the entire motion
(how many different accelerations are there? Which one is
greatest?).
The next note to make is one that trips students up all the
time. Consider an object that begins at rest and accelerates at 10
m/s2. How far does it travel in the first second? Most student will
say 10 m, which is incorrect. There is not a direct (linear)
connection between acceleration and distance. Acceleration is
connected to velocity. The object mentioned above actually moves
only 5 m in the first second for the following reason: The object
was not traveling at 10 m/s for the entire second, it had to speed up
to 10 m/s. Since it began the interval at 0 m/s and ended at 10 m/s,
we can say that the average velocity for that second was 5 m/s
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(assuming, of course, that the acceleration was constant, and there
is no reason to assume that other than the fact that we said to for
this chapter). We will learn the mathematical connection between
acceleration and distance traveled shortly, but the student should
take a moment and attempt to fill in the chart below for an object
with a constant acceleration of 10 m/s2. The distances can be
determined by using the type of logic used in the argument above.

time
(t)

acc.
(a)

velocity
(v)

distance
covered
in
previous
second
(m)

position
(m)

0 s
1 s
2 s
3 s
4 s
5 s

There are a number of interesting patterns that can be seen in
the chart above, one of which was discovered by Galileo in his
research on accelerating objects. The pattern lies in the second to
last column and has to do with odd numbers (I leave it to the student
to discover the pattern for themselves).
Another interesting aspect to acceleration is that your body is
an accelerometer. When you are driving in a car, if you maintain a
steady speed (on a straight road) you will not feel anything, thus
there is no acceleration. If the car accelerates in any fashion, your
body will lurch in the opposite direction of the acceleration.
Consider taking off from a light. Your body is slightly (hopefully
you're not driving recklessly or it might be more than slight) pushed
into the seat. Thus the acceleration is forwards. Another
interesting note is that if you have a helium filled balloon with you
in the car, you will notice that the balloon will lurch in the same
direction as the acceleration (hmmm...).
Along the lines of cars and accelerations, there is another
visualization technique for understanding acceleration. Imagine your
car had a special speedometer like the one below that also measures
your speed in reverse.
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If we wanted to discuss the behavior of such a speedometer when the
car is accelerating, we would first say that the car is accelerating
any time the needle is moving. Positive acceleration occurs whenever
the needle moves clockwise, regardless of its position on the dial.
Negative acceleration occurs whenever the needle moves
counterclockwise, again regardless of its position. If we imagine the
needle as starting at 40 and going counterclockwise (positive velocity
and negative acceleration) we can easily see our previous example
about coming to a stop and then speeding up in reverse.
The student may have noticed that in one previous examples there
was a qualifier after a sentence that said something like "if you are
driving on a straight road". There is a good reason for this. We
must recall that velocity is a vector and thus has a direction. Since
acceleration is the rate of change of velocity, any change in
velocity, including its direction, indicates an acceleration. Thus,
even if you are driving down the road at a constant speed but are
rounding a turn, you are accelerating. To accelerate means to change
velocity; to speed up, slow down, or change directions. Remembering
that acceleration does not have to be in the same direction as the
motion and remembering your body is an accelerometer, an interesting
conclusion can be drawn about accelerations around a turn.
Example 2.4.1
If a car accelerates from rest to 20 m/s in 9 seconds, what is the acceleration of the car?

Example 2.4.2
A lump of clay, traveling at 15 m/s strikes the floor and comes to a stop in 0.15 seconds.
What is the acceleration of the clay? Assume that down is positive in this example.
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Example 2.4.3
A tennis ball is thrown at a wall at 30 m/s. It bounces back from the wall at 22 m/s in the
opposite direction (we are neglecting the effect of gravity on the ball in this example). If it is
in contact with the wall for 0.1 seconds, what is the average acceleration of the ball?
Assuming that the ball spends exactly half the time of the collision coming to a stop, what is
the acceleration of the ball as it comes to a stop? What is the acceleration of the ball as it
speeds back up?

Example 2.4.4
Consider a child that rolls a toy car up a hill. The car goes a few feet up the hill, and then
rolls back and is stopped by the child’s foot. Identify all of the different accelerations that
occur in this example and state the direction and relative magnitude of each acceleration.
Ignore air resistance, but do not ignore friction.

2.5 The Mathematics of One Dimensional Motion
We have been discussing one dimensional motion in a conceptual
sense for the past few pages. You should now understand what each of
the important motion quantities measure (position, velocity, and
acceleration) and what they mean. It is now time to turn our
attention to how these quantities relate mathematically. There are
three main one dimensional motion equations that can be used to solve
these problems. Their derivations are fairly simple, but we will
leave that out of our discussion and instead focus on solving one
dimensional motion problems. Different text books use different
variable for the position (some use d or s) and some other books use
these same equations in different forms. The equations are:
Vf = Vi + at (alternate forms: Äv = at, Äv = aÄt)
Äx = Vit + (½)at2 (alternate forms: xf = xi + Vit + (½)at2)
Vf2 = Vi2 + 2aÄx (alternate form: Ä(V2) = 2aÄx
The importance of these equations cannot be overstated.
If we consider these equations, we see that the variables we need
to concern ourselves with when doing a motion problem are:
t (time, or change in time)
Äx (displacement)
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vi (initial velocity)
vf (final velocity)
a (acceleration)
Examining the equations we see that
equation #1 contains everything except displacement
equation #2 contains everything except final velocity
equation #3 contains everything except time
Thus when doing a problem, if you are not given or concerned with the
time of the motion, equation #3 is a logical choice for solving the
problem (and of course the same sort of logic applies in other cases).
It should be noted here that the time represented by t in these
equations is actually Ät, or the change in time from beginning to end
of the problem. Recall also that Ä represents a change or a final
value minus an initial value.
There are four comments that should be made before we jump right
into using these equations
First, remember that these equations are only good for problems
that involve one dimensional motion with constant acceleration. The
object must move in a straight line, and it must do so without it’s
acceleration changing. This will be the vast majority of motion
problems in a first year physics course, but as the year progresses,
you will be introduced to situations involving changing accelerations.
Second, when using these equations, remember that the signs of
your quantities are very important. Displacement, velocity, and
acceleration can be positive or negative depending on the situation.
Be very careful. Remember that positive and negative directions are
arbitrary, meaning that each time you begin a problem, you can decide
which direction is which. It really doesn’t matter, but you must be
consistent throughout the entire problem.
Third, these equations are actually vector equations. When we
are dealing with one dimensional motion, we can treat quantities as
vectors simply by using positive and negatives. But in reality, the
equations above are actually vector equations. Notice how the third
equation is not written as a vector equation. Can you figure out why?
Finally, a very important point regarding these equations is that
when we are using these equations, we are usually using the
instantaneous value of the velocity. This is the first time we have
had a way to calculate the value of the instantaneous velocity of an
object. Thus, Vi stands for the instantaneous velocity of the object
at the moment the problem begins and Vf is the final instantaneous
velocity of the object after time t.
Example 2.5.1
A car accelerates from a dead stop at a rate of 2 m/s2 for 7 seconds. How fast is it going
at the end of 7 seconds? What was its displacement at the end of this time?
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Example 2.5.2
If you are traveling at 20 m/s and accelerate at 3 m/s2 for 5 seconds, what distance did you
travel in that five seconds? How much further did you travel than if you did not accelerate?

Example 2.5.3
If you slow down from 40 m/s to 25 m/s in 100 m, what was your acceleration? How long
did it take you to slow down? If you continue accelerating at this rate, how far will you
travel before coming to a stop?

One other issue that should be discussed is solving motion problems
that involve more than one object moving. In these cases, the best
way to solve the problem is to follow the following suggestions:
C
C

C

C

Each object must have its own equation of motion. None of our
equations are equipt to handle two objects simultaneously.
The most important detail is that both objects are measured on
the same number line. This means that if they are traveling
towards one another, one object must have a negative velocity and
displacement. Sign mistakes are the most common mistakes in
these types of problems.
It is usually best to have only one time variable in all
equations. If the two objects start and stop at the same time,
this is easy. If one object starts later, its time could be
represented at t plus the extra time.
In order to solve the problems, you will often have to solve two
simultaneous equations. The most straight forward way of doing
this will be substitution. Since they are on the same number
line, x will often be a shared variable, as will t for time.

Let’s try to solve two of these problems.

Example 2.5.4
Two trains start out from rest 100 m apart and head towards each other. One accelerates
at a rate of 3 m/sec2 and the other at a rate of 2 m/sec2. (a.) Where will they collide? (b.)
How long will it take before the collision occurs?
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This past problem is an interesting example because there are two very
common mistakes that students make when solving this problem. If both
mistakes are made, they cancel each other out and you still get the
correct answer. Be sure you recognize what the mistakes are (hint:
one mistake is that one acceleration must be negative). Let us try
one more problem.
Example 2.5.5
Two cars drag race over a 300 m track. The first car accelerates at 14 m/s2 and begins
when the light turns green. The second car does not begin until 1 second after the light
changes, but accelerates at 23 m/s2. At what location does the second car pass the first?
(assume that the accelerations will remain constant throughout this entire problem)

Before we move on to another topic, there is one other type of problem
that occasionally arises in this chapter that is worth discussing.
This is a problem where one object is moving, but its motion changes
at some point in time. For example, if a car accelerates from a
light, it will not accelerate forever. After some time, its velocity
will become constant. Our equations can not handle this in one step,
because they only work if the acceleration is constant. In order to
solve problems where the acceleration changes, you must treat each
part of the motion individually. For example:
Example 2.5.6
If a car accelerates from a dead stop for 5 seconds at 4 m/s2 and then its velocity levels
off, how far will it travel in 20 seconds?

Example 2.5.7
Imagine that a tortoise and a hare are engaged in a race. In order to make it fair, the hare
starts 100 m behind the tortoise. The tortoise can accelerate at 0.1 m/s2 for 3 seconds.
The hare is so fast that he can be assumed to have infinite acceleration with a maximum
speed of 4 m/s (in other words, he is at that speed when he starts). When does the hair
pass the tortoise (time and position)?
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2.6 Graphs of Motion
In Physics, as in all the sciences, graphs are important. They
give us a visual representation of an equation, or a relationship, and
they provide a way for us to find relationships between different
variables. Being able to read and understand scientific graphs is a
very important skill.
In most beginning Physics classes, this skill is introduced with
graphs of an objects motion. Reading, understanding, drawing
conclusions from, constructing, interpreting and translating graphs
are all things that a Physics student should learn how to do.
There are three main graphs of motion to discuss: position versus
time, velocity versus time, and acceleration versus time. To begin
learning about these, we start with the simplest and, without
explanation, begin right away asking questions.

Example 2.6.1.)
Which of the following lines represent:
a.)
an object at rest?
b.)
the object with the highest velocity?
c.)
the object traveling the slowest (but not at rest)?
d.)
the object that travels the furthest?
e.)
What is the difference between objects d and e?
f.)
What is object f doing?
g.)
What happens when the lines cross?
h.)
What is the difference between objects d and g?
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From this example we should learn a number of things, such as:
Notes Regarding Slope and Velocity Relations
1.) The steeper the slope, the higher the velocity.
2.) A horizontal line means zero velocity.
3.) Parallel lines mean identical velocities.
4.) A line slanted downwards means the object is moving towards
the negative (backwards).
Sometimes students get confused about the last point. A backwards
line means the object is moving in the negative direction, which has
nothing to do with the direction the object is facing. If negative
were east, for example and a car was driving forwards towards the
east, it is still going negative.
One other comment should be made, which requires a little more
explanation than the others, not because it is trickier, but rather
because it is important. On the graph above, all the lines were
straight lines, none of them were curves. Consider what this means in
terms of velocity. A straight line means a constant slope, thus
straight lines mean constant velocity. If the steepness of the line
never changes, the velocity of the object never changes. Also take a
moment to consider what this means in terms of average and
instantaneous velocities for the object. If the velocity is constant,
the average and instantaneous velocities are the same at all times.
The student should take a moment to speculate on the circumstances
where the above would not be true (since we will encounter them
shortly).
All of these statements can be summed up by remembering that
slope represents velocity on an x versus t graph. I would also like
to remind the student, at this time, that the graphs above are
representations of objects moving along a straight line (they are not
objects moving "uphill" or "downhill" or any other such nonsense).
Now, with that much said, let us do one more example of this kind
of graph:

LetsLearnPhysics

-

Chapter 2 -

Page 21

Example 2.6.2.) Describe the motion and determine the average velocity in:
a.)
the first four seconds.
b.)
the last one second.
c.)
the entire trip.

At this point, an astute student might as the question: "If
these are graphs of actual moving objects, can we ever see corners on
these graphs, as we see in the graph above?" The answer is no. I
leave it to the astute student to determine why. It is time now to
make things a little more complicated.

Example 2.6.3.) Describe the motion and velocity of the object represented in the graph
below:
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We see from the above example that velocity can and does change
during the motion of some objects. How is velocity to be determined
in these cases? Average velocity is still determined in the same
manner (vav=Äx/Ät), but we now have a case where instantaneous velocity
is no longer the same as average velocity. In such a case,
instantaneous velocity is determined by taking the slope of a tangent
line drawn at the point in question. A tangent line (according to the
mathematical definition), is the line that best approximates the curve
at the given point. In other words, consider the curve to be made up
of little tiny straight lines instead of being a smooth curve. The
tangent line is drawn by extending the one line at the point in
question. A second definition, which is a little easier to understand
but is not mathematically rigorous is that the tangent line is the
line that "glances" and touches the point in question without touching
other points on the curve around it. Once the correct tangent line is
drawn, we take the slope in the usual manner with rise over run (Äy/Äx
or in this case, Äx/Ät). One should point out that it doesn't matter
how long you draw your tangent line at the point, since the slope will
be same anywhere on a straight line. Likewise, one should point out
that since this is a graphical (and thus approximative) method, many
people doing the same problem might arrive at slightly different
answers.
The example below shows how to determine instantaneous velocity:

Example 2.6.4.) On the graph below, what is the objects instantaneous velocity at 3 sec
and at 5 sec?
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Since velocity often changes, it will be helpful if we
represent velocity on its own graph. Thus, the second type
to be familiar with is the velocity versus time graph. Let
take a closer look at how we interpret velocity versus time
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can
of graph
us now
graphs:

Example 2.6.6.) From the v vs. t graph below, answer the following questions:

At what point or over what segments is the object:
]A.) Traveling at constant velocity?
B.)
At rest?
C.)
Speeding up?
D)
Slowing down?
E.)
Going forward (positively)?
F.)
Going in reverse (negatively)?

We see from the above examples that our conditions listed for the
x vs. t graphs are not valid on the v vs. t graph. For example, on a
v vs. t graph, a stopped object is represented by a line along the
axis, not any horizontal line as in the d vs t graph. Likewise, the
following other comparisons are made:
Conclusions for V versus T graphs.
1.) On a v vs. t graph,
velocity. On an x vs. t
by...
2.) On a v vs. t graph,
changing velocity, on an
3.) On a v vs. t graph,
represented by...

a horizontal line means constant
graph, constant velocity is represented
a straight (non-horizontal) line means
x vs. t graph...
an object moving backwards is

Students should be able to take an x vs. t graph and create a v vs.
t graph for the same motion and visa versa. This is done by examining
the behavior of the slope of the tangent line to the graph as it
progresses through time. Consider the example below:
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Example 2.6.7)
From the x vs t graph below, construct a v vs t graph (points are
included in the first graph in order to cross reference the second graph).
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Consider another example:
Example 2.6.8)

Draw a v vs. t graph from the x vs. t graph given.

LetsLearnPhysics

-

Chapter 2 -

Page 27

Let us try one more complicated example:

Example 2.6.9)

From the x vs t graph below, construct a v vs t graph.

An interesting note should be made at this point, which is
another question that an astute student might have when thinking about
these graphs: How do we know that a curved line on an x vs. t graph
translates into a straight line on a v vs. t and not another curve?
In other words, how do we know that the velocity is increasing (or
decreasing) at a steady rate? The answer is, we don't. It is a
simplification that we have made (unknown to the student) in this
discussion. An answer can be derived from a little knowledge of
calculus or graphs. The correct answer is that if the original x vs.
t graph is a parabolic shape, the v vs. t graph will be a straight
line1. However, parabolic shapes are easily confused with other shapes
(like the positive part of a cubic, for example) thus there is no

1

For the interested student, an explanation follows: A parabolic
curve changes at a constant rate. That simple statement is actually
full of information and not as simple as it seems. The slope of the
tangent line of a parabolic curve will increase (or decrease) the same
amount over equal intervals on the x axis.
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direct way to tell just from sight. In this course, we will never be
dealing with situations where the x vs. t is anything greater than a
second order function (i.e. parabolic) thus if it is curved you may
assume a parabola and draw a straight v vs. t graph. Another
interesting note should be made and its point is illustrated by the
following example:

Example 2.6.10) Draw three different x vs. t graphs whose motion could be represented by
the following v vs. t graph.

Although we will not attempt to explain this phenomena in
technical terms, we do see that going from v vs. t to x vs. t does
pose a slight difficulty. In fact, it is possible to go exactly from
x vs. t to v vs. t, but some information is lost when we attempt to go
in reverse. There are an infinite number of x vs. t graphs that can
produce a certain v vs. t graph. The student would be wise to keep
this situation in the back of their minds, since they will see it
again in the second half of their calculus course.
The next topic to consider is the physical significance of the
area under a v vs. t graph. Consider the graph of motion below:
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The area under the graph is shaded, and if we consider how we
determine the area (length times width), we see that we get (3 m/s)(7
s) = 21 m. A little thought will tell you that you have actually
determined the distance traveled during that time. This is true for
any shaped v vs. t graph, whether or not it is a rectangle a curve or
anything else (although calculating the area under a curve requires
calculus). Consider the example below:

Example 2.6.11.) Determine the distance traveled by the object represented in the graph
below:

The astute student will have already realized that since velocity
was a change over a change and it corresponded to the slope of an x
vs. t graph, acceleration (being another change over a change) should
correspond to the slope of a v vs. t graph. This is indeed the case.
Consider the graph below:

The slope of such a graph is written as the change in the dependent
variable divided by the change in the independent variable, or in this
case, slope=Äv/Ät, which is our definition of acceleration. If the
student recalls that our discussion is limited to cases of constant
acceleration, they will understand the reason that we earlier
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restricted our v vs. t graphs to straight lines. In fact, using the
correlation between acceleration and the slope of a v vs. t graph, you
can make the following conclusions:
Acceleration and V vs. T Graphs
1.) A straight line on a v vs. t graph represents an object with
constant acceleration.
2.) A horizontal line represents an object with zero
acceleration (constant velocity).
3.) A line sloping downwards represents an object with a
negative acceleration.
4.) The steeper the line, the greater the value of the
acceleration.
To test our knowledge, let us reconsider the example given in a
previous chapter.
Example 2.6.12.) From the v vs. t graph below, answer the following questions:

At what point or over what segments is the object:
a.)
Traveling at constant velocity?
b.)
Traveling with constant (non-zero) acceleration?
c.)
At rest?
d.)
Traveling with positive acceleration?
e.)
Traveling with negative acceleration?
f.)
Going forward (positively)?
g.)
Going in reverse (negatively)?
e.)
Speeding up?
f.)
Slowing down?
g.)
At zero acceleration?
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The questions asked above (especially d-f) tend to be a little tricky
and show us that we really need to understand acceleration and what it
means in order to interpret these graphs. The student should pay
close attention to the answers and be sure they understand why each
answer is correct.
The next consideration is how acceleration applies to an x vs. t
graph. In order to understand this connection, it is imperative that
the student understand the concept of the tangent line. There is no
directly obvious connection between an objects x vs. t graph and the
acceleration, since the acceleration of an object is related to the
behavior of the tangent line and not the tangent line itself.
Consider the graph shown below:

In this graph, the actual motion is represented by the light grey line
and the instantaneous velocity is represented by the tangent lines
drawn at the dotted times. If we look not at the tangent lines
themselves, but instead at what happens to the tangent line over the
course of the motion, we see that it starts out shallow (low velocity)
and gets steeper as time goes on. Translating that to velocity, it
starts out low and increases positively over time. Thus this object
is positively accelerating. In short, the slope of the tangent line
is the velocity, the behavior of the tangent line is the acceleration.
Using that same logic, try the next example:
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Example 2.6.13) Determine the type of accelerated motion represented by the x vs. t graph
below and describe the motion in regular terms and make a v vs. t graph of the motion.

When you are asked to describe the motion in regular terms, your
answer should have two parts: one part should be a description of the
motion in terms that you would use to describe a cars motion and the
other part should contain an explanation of the value and sign of both
the velocity and the acceleration. Please keep this in mind when
doing homework problems, so that you give complete answers. Let us do
two more examples:

Example 2.6.15) Describe the motion that is occurring in the graph below:
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Example 2.6.16) Draw and x vs. t and a v vs. t graph for the motion of a person bungee
jumping. Label points on the graphs to correspond to the points in the motion listed below.
a.)
The person leaves the bridge.
b.)
The bungee cord becomes taut.
c.)
The person reaches their lowest point.
d.)
The person passes the equilibrium point in the middle where the cord in
neither stretched nor slack.
e.)
The person reaches the highest point on their first bounce up.

One final note should be made before we get into actual problems
involving acceleration. An astute student might have made a comment
at the beginning of this chapter saying something like "If velocity is
the time rate of change of position and acceleration is the time rate
of change of velocity, then what is the time rate of change of
acceleration?" The answer is that the time rate of change of
acceleration is called the "jerk" (believe it or not). And there is a
time rate of change of that too (although I don't know what it is
called). Our discussion stops at acceleration and does not go any
further. In fact, our discussion stops at constant accelerations. If
we dealt with non-constant accelerations, we would need to introduce
average and instantaneous accelerations and we would be bogged down in
details. Thus all accelerations in this class will be considered
constant (making average and instantaneous the same). But why stop at
acceleration or why not stop at velocity? The goal of this chapter is
to describe motion in a fair amount of detail. To leave out
acceleration would not be detailed enough and to go beyond it would be
overboard. Besides practical considerations of time and detail, there
is also the fact that acceleration itself is an important concept
because of its links with other physical phenomena that we will
consider later in the course. We will (briefly) discuss the effects
of non-constant acceleration in a later chapter.
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A Summary of Motion Graphs and Their Meanings

Object moving forward at constant
velocity (+ vel, 0 acc)

Object moving backwards at
constant velocity (- vel, 0 acc)

Object standing still (0 vel, 0
acc)

Object moving forwards, speeding
up (+ vel, + acc)

Object slowing down going forward
(+ vel, - acc)

Object going backwards speeding
up (- vel, - acc)

Object going backwards slowing
down (- vel, + acc)

Object going forward speeding up
(+vel, + acc)
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Object going forward slowing down
(+vel, - acc)

Object going forward, constant
velocity (+ vel, 0 acc)

Object moving backwards, constant
velocity (- vel, 0 acc)

Object moving backwards, slowing
down (- vel, + acc)

Object moving backwards, speeding
up (- vel, - acc)
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Example 2.6.17
Explain the motion represented on the graph below. Be sure to explain the motion both
ways - in regular terms (speeding up, slowing down, going forward, etc) and in terms of the
velocity and acceleration (positive and negative).
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Example 2.6.18
Explain the motion represented on the graph below. Be sure to explain the motion both
ways - in regular terms (speeding up, slowing down, going forward, etc) and in terms of the
velocity and acceleration (positive and negative).

Example 2.6.19
Turn the following description into an x vs. t graph: An object is moving at a steady speed
forward, then is quickly slows to a stop, stays stopped for a few seconds, then quickly
takes off going forward and reaches a high, steady speed.

Example 2.6.20
Turn the following description into an x vs. t graph: An object starts at rest, then gets a
negative acceleration for a few seconds before leveling off at a steady negative velocity. It
continues with no acceleration and a negative velocity for a few seconds, then gets a
positive acceleration which continues as its velocity changes from negative to positive.
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Example 2.6.21
Create a v vs. t graph from the x vs t graph below.

Example 2.6.22
Create an x vs. t graph from the following v vs. t graph.
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Example 2.6.23
Find the distance traveled by the object below in the first 20 seconds of motion.

Example 2.6.24
Explain the motion represented on the graph below. Be sure to explain the motion both
ways - in regular terms (speeding up, slowing down, going forward, etc) and in terms of the
velocity and acceleration (positive and negative).

Example 2.6.25
Draw a v vs. t graph of the following motion: An object starts from rest, accelerates
positively, then negatively until it is going in reverse at a high rate of speed. It maintains
that speed past the end of the graph.
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2.7 Free Fall
Thus far we have limited ourselves to a discussion of objects
that moved in a straight line horizontally, but there is no reason why
our one dimensional line could not go vertically as well (as mentioned
in a previous chapter). As it turns out, objects near the surface of
the earth in free fall actually undergo the exact motion that we have
been discussing: one dimensional motion with constant acceleration.
Two things need to be pointed out before we continue. The first is
the definition of free fall. An object is said to be in free fall if
the only force (since we don't really know what a force is, we could
use the term factor) affecting the object is gravity. On the earth,
of course, free fall is impossible because there is always some air
resistance, but in many cases (and for the sake of simplicity in the
beginning of our discussion) the air resistance can be considered
negligible. Thus the objects we will be discussing in this chapter
are those affected by gravity and nothing else (in other words,
gravity is the only factor of significance). It should be pointed
out, as well, that by the definition of free fall, any motion of an
object affected only by gravity should be included (objects thrown,
for instance). The more complicated types of free fall motion will be
considered in the next section, for now let us restrict ourselves to
free fall in a straight line.
Very often students will ask "Why do we bother to study this
stuff if it never really occurs on earth? What good will it do us?"
There are a myriad of answers to that question. First there is the
practical side: "Because the real cases are too difficult for you to
understand right now, so we start with the simple stuff and make it
more realistic as we go along." Then there is the futuristic side:
"Well, you never know when we might start a colony on the moon and
this way you will understand things there." (also called the smart___ side). And finally the philosophical side (and the most important
side): "In physics we try to understand how nature works in its most
basic sense. Thus we look for the simplest pattern available.
Physicists view factors like air resistance and friction as minor
details that cloud our view of what is really going on, thus we ignore
them at first to get to the "meat" of the phenomena."
The second statement referred to long ago (back in the first
paragraph) is that all objects in free fall have the same
acceleration. In short, the mass of the object is irrelevant in
determining its motion. This was the gist of Galileo's fabled
experiment from the Leaning Tower of Pisa where he dropped two objects
of different masses and they hit the ground at the same time. Heavier
objects do not fall faster. "But, then why," you say, "if I drop a
book and a piece of paper do they not hit the ground at the same
time?" The answer lies in our definition of free fall. All objects
in free fall fall at the same rate (sort of, see below) and since air
resistance is not negligible for the paper, it is not close to being
in free fall (heck, it doesn't even fall in a straight line). One of
the first experiments done when Neil Armstrong walked on the moon was
dropping a penny and a feather at the same time and see which hit the
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ground first. Galileo was (after many years) absolutely vindicated.
As usual, there are a few qualifiers on the previous statements.
First, the statement made above is not worded properly. The statement
should read: All objects in free fall accelerate at the same rate.
Accelerating and falling at the same speed are two very different
things. Consider an object thrown straight upwards from a bridge and
an object thrown straight downwards. They are not falling at the same
rate, but they are accelerating at the same rate (one is speeding up
going down: negative acceleration, the other is slowing down going
up: also negative acceleration). The second statement is that there
are other factors that affect the acceleration of falling objects,
namely the rotation of the earth and the gravity of all the other
planets. These effects are extremely negligible, but they are there
nevertheless. So, to clarify things: All objects in free fall on a
planet that is not spinning, in a universe that contains no objects
other than the falling one and the planet, would accelerate at the
same rate (how's that for realism?).
We have gone through a lot of details on a very simple topic.
What we shall see, as we do these problems, that the topic is simple
yet full of pitfalls and traps for the unwary. Each of the sample
problems that are about to follow should reveal an extra detail about
free fall problems. Let us jump right into the problems by stating
that the acceleration due to gravity at the surface of the earth is
g = 9.8 m/s2 = 32 ft/s2
All of our equations of motion can now be used if we substitute "g"
for "a", and remembering that our line now runs vertically.

Example 2.7.1)
If you attempt to throw an object up to a friend in a third floor window
(12 m off the ground) and you throw it with an initial velocity of 20 m/sec, when does it
reach him and how fast is it moving when he catches it?

In this example, you should have seen the importance of deciding
on a direction to call positive before you began. The most common
mistakes in problems of this kind arise out of sign errors. When you
do these problems, pick a direction to call positive (up or down, it
doesn't matter as long as you are consistent) and carefully examine
every quantity to make sure it has the proper sign.
The following two examples show some other subtleties involved in
doing these types of problems.
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Example 2.7.3)
If you throw a ball upwards at 40 m/s, what maximum height does it
reach and how fast is it moving when it returns to your hand? (Ignore the height of the
student in this problem)

The above problems should have shown many things about this type
of motion. The first and foremost principle it should have shown is
that there are many different ways to solve a problem of this nature.
It should have also shown the up and down sections of the motion are
symmetric (or antisymmetric might be a better way of saying it) in
velocity, time and position, although that should have been
intuitively obvious (see diagram).

This particular fact explains why it is easiest to do this problem by
using only half of the motion (where either the initial or final
velocity is zero). If you chose to use the entire motion, remember
that Äx = 0, not 163.2 m. The third thing that this problem
demonstrated was that the object has two velocities at the zero
position.
A mathematical formula can be viewed as a very dumb but very
logical machine. Consider what you asked the machine. You inputted
the data and asked the machine to calculate the velocity of an object
that had an initial positive velocity of 40 m/s when it was zero
meters from the starting point given an acceleration of g. It
answered you absolutely correctly, since the answer to a square root
is really two answers (a positive and a negative), it said the
velocity would be ±40 m/s. Many students forget that simple little
fact.
Often times a student will say "But the question asked what was
its speed when it hit the ground. When it hits the ground it stops.
The speed is zero." True, but it brings up another point that you
need to keep in mind when doing these problems. These equations only
work for motion with constant acceleration. If there is a part of the
motion (mentioned earlier) where the acceleration changes, that part
needs its own equations. In short, once it hits the ground, it is no
longer in free fall. Thus our equations only work from the instant
after the object was thrown to the instant before it hits the ground.
When a problem is worded like the one above, we assume it means that
instant before.
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Now onto another example:

Example 2.7.4)
An object is thrown upward at 40 m/sec. When will it pass a point 50 m
above the ground?

After a lot of grueling work, we learn yet another thing about
this type of motion. Think of what we asked our machine. It answered
correctly, since the object will be 50 m from the starting point twice
in its motion.

Example 2.7.5)
A clumsy apartment dweller knocks a flower pot off a window sill 100 m
above the street. A neighbor, two stories below, sees it pass his window on the way down.
How long was it in view of the window if the top of the neighbor’s window is located 20 m
below the original window sill and the window is 2 m high?

It is interesting to note how many different ways the problem
above can be solved.
The last problem is a simple exercise involving an interesting
application of this material as well as an exercise in estimation,
which for some reason, students don't like to do (I think it has to do
with seeing the world in black and white...)

Example 2.7.6)
Approximately how long is a basketball player in the air when they
jump up to make a shot?

Before we leave this subject, we should make some notes about the
constant “g”, that we have been using. When we use our equations of
motion for free fall, we are assuming that gravity is constant. In
fact, gravity is not constant, it gets weaker the further away from
the earth that one goes. However, over small distances, the changes
that occur are very small and we can consider the acceleration to be
constant. Thus g is only applicable near the surface of the earth,
over short distances. It would not be applicable, for example, to
calculate the speed of a satellite that fell from orbit and crashed
into the earth. Also, remember that g is the acceleration due to
gravity, it is not the gravity of the earth, or the force of gravity
from the earth. Those are very different things.
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1.8 Calculus and One Dimensional Motion
Most high school and first year college physics classes do not
involve using calculus during the chapter on one dimensional motion.
However, there are two very useful calculus applications that can be
used with one dimensional motion, and they will covered here be
covered here briefly.
The first, and most obvious, Calculus application comes from the
motion equations themselves. Since velocity is the time rate of
change of position, it would follow that this means that the velocity
of an object is the derivative of position with respect to time. We
could take this idea another step further and say that since
acceleration is the time rate of change of velocity, this means that
acceleration is the derivative of velocity with respect to time, or
the second derivative of position with respect to time. In
mathematical formulae, this means:
v = dx/dt
a = dv/dt = d2t/dx2
Thus, if you have the equation that tells you an object’s position at
any time, you can easily find the object’s velocity and its
acceleration. You would do so by finding the first and second
derivative.
Example 2.8.1
If an object moves according to the equation x = (16 m/s2)t2 + (8 m/s)t + (3 m), find the
equation of the velocity and the acceleration.

Example 2.8.2
If an object moves according to the equation x = (19 m/s2)t2 + (2 m/s3)t3 + 9 m, what is the
equation of the velocity and the acceleration? What is the value of the position, velocity
and acceleration at 4 seconds? What is different about this object compared to all the other
objects we have discussed?

Example 2.8.3
If an object moves according to the equation x = (22 m)sin{(3 rad/s)t)}, what is the equation
of the velocity and the acceleration of the object?
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This process can also work in reverse, using integration. However, as
you may recall from Calculus class, integration has some other issues
to contend with (namely the added constant). What this means is that
if you have the acceleration, you could integrate backwards to get the
velocity and then integrate again to get the position equation.
Because of the integration constant problem, without more specifics
than the acceleration equation, we cannot be precise in our velocity
and position equations. The following two problems demonstrate this
idea.
Example 2.8.4
If an object accelerates according to a = (22 m/s3)t, find the equation for the velocity and
the position of the object.

Notice that in the problem above, you end up with two integration
constants. If you consider them and their place in the equation for a
moment, you will see that they represent the initial velocity and the
initial position of the object. I encourage the student to consider
this for a few moments. Why can’t we know this information if it is
not given to us? Why is it that we can go from the position to the
velocity perfectly, but going backwards causes us to not have complete
information? This last practice problem shows when and how this can
be avoided.
Example 2.8.5
If an object accelerates according to a = (15 m/s3)t + (3 m/s2), and it starts at position 3 m,
has an velocity of 8 m/s at time = 4 seconds, what is the equation of the velocity and the
position?

The second place where Calculus is useful in our one dimensional
motion discussion is when finding the distance traveled. We discussed
previously that we can find the distance traveled by finding the area
under a velocity versus time graph. Naturally, a Calculus student
will recognize that the area under a graph is an integral. Thus, if
we know the equation of the velocity, we can find the distance
traveled if we integrate the equation between two points. For
example:
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Example 2.8.6
If an object has a velocity that follows the equation v = (25 m/s2)t + (8 m/s), what distance
was traveled between 10 and 45 seconds?

One important point should be made here and that is that integrating
the velocity equation actually gives you the displacement. If the
area under the graph is negative, the integration will give you a
negative distance and thus subtract it from the total. There are two
situations where the area would turn out to be negative. The first
would be if you were integrating from a later time to an earlier time
(from 8 seconds to 3 seconds). This will not often be an issue. The
second case where the area could be negative is if the graph is below
the time axis. In this case, the only way around the problem is for
the student to break the graph into sections, integrate each section,
and take the absolute value of each answer and them add them together.
The problem below illustrates this.
Example 2.8.7
If an object has a velocity that follows the equation v = (15 m/s) - (3 m/s2)t, what distance
did it travel in the first 8 seconds? What was its displacement?
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Homework Assignments
Homework 2.1-2.4 - Reference Frames, Velocity and
Acceleration
1.)

Imagine that a person in a car, traveling west at 30 mph
(relative to the ground), was considered to be our frame of
reference. What is the velocity of
a.) An object resting on the ground?
b.) A car traveling 30 mph east on the same road?
c.) A car traveling 20 mph west on the same road?

2.)

If a person was traveling in a car at 60 mph west (according to
the ground, find an object that would have a speed of
a.) 60 mph east
b.) 120 mph east
c.) 30 mph west
d.) 60 mph west
when measured relative to the first car.

3.)

Suppose two children sitting on opposite sides of the aisle on a
bus play catch as the bus is traveling down the road at a
constant speed in a steady direction. As seen from above, what
does the path of the ball look like in a.) the frame of reference
of the bus, and b.) the frame of reference of the ground. Now
suppose that the bus speeds up the moment one child lets go of
the ball. Since the bus has sped up, the other child will not
catch the ball. Draw the path of the ball in this case in c.)
the frame of reference of the bus, and d.) the frame of
reference of the ground. In each drawing, make sure that the
direction of the buses motion is clearly labeled, as is the
location of each child.

4.)

From the graph below, determine the average velocity of the
object in the a.) first ten seconds, b.) last ten seconds, and
c.) entire trip.
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5.)

On a piece of graph paper, graph the following position and time
data (with a smooth curve, do not connect the dots!) and answer
the following questions.

a.)
b.)
c.)

time
(t)

position
(x)

0 sec

0 m

1 sec

2 m

2 sec

8 m

3 sec

18 m

4 sec

32 m

5 sec

43 m

6 sec

49 m

7 sec

50 m

What was the average velocity for the entire trip?
What was the average velocity from t=2 to t=5 sec?
What was the average velocity from t=3 to t=7 sec?

6.)

A car hits a pothole in the road and slows from 40 mph to 38 mph
in 0.3 seconds. Find the acceleration of the car in m/s2.

7.)

A basketball strikes the ground moving at 5 m/s and bounces up at
4.3 m/s.
A.) If the entire bounce takes 0.1 seconds, what is
the acceleration of the basketball? B.) If a car accelerated at
this rate from a dead stop for 10 seconds, what would be its
final velocity in mph?

8.)

Imagine the path of a bowling ball as it is hurled down a bowling
alley. Beginning from the time the ball is positioned for
release by the bowler, until it after it strikes the pins and
hits the back wall of the bowling alley, how many different
accelerations does it undergo? Identify each one with a
direction and a relative magnitude (small, large, very large,
etc).

Homework 2.5 - Mathematics of Motion
1.) A rattlesnake can accelerate it’s head at approximately 50 m/s2.
If you stumble on one that is 20 cm in front of your foot, how long
will it take to strike? If you could maintain this acceleration for
15 seconds, how fast could you run a mile?
2.) Suppose you could accelerate a space ship continuously at 9.8
m/s2. How long would it take you to reach the speed of light? How far
would you travel in doing so?
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3.) A runner runs the 100 m dash in about 10 sec. and another runs a
marathon (26 miles, 385 yards) in about two hours and ten minutes.
a.) what are their average speeds ? (metric units please)
b.) If a runner could maintain the same speed in the marathon as in
the 100 m, how long would it take them to finish?
(M5)
4.) Assuming that a commercial airplane needs a speed of 360 km/hr on
a runway for takeoff, what is the minimum required acceleration
(assumed constant) for a runway of 2 km?
5.) An automobile traveling at 35 mph (56 km/hr) is 34 m from a
barrier when the driver slams on the brakes. Two and one half seconds
later the car hits the barrier.
a.) What was the cars acceleration (considered constant) before it
made contact with the barrier ?
b.) How fast was the car traveling at impact ?
c.) If the barrier stops the car in 3 meters, what was its
acceleration while coming to a stop ?
d.) For your answers to parts a.) and c.), divide your answer by 9.8
m/sec2 to put your answers into what is called "g's". These are units
of acceleration that you often hear referred to when rockets or jets
are concerned.
(M11)
6.) A "good" time for a stock car in a quarter mile (402.336 m) drag
race is 11 seconds. Calculate the acceleration, assumed uniform, of
this car and express in units of "g"s.
(M15)
7.) If you take off from a light at reach 35 mph in 7 sec, what is
your acceleration (in m/s)?
8.) Assuming that it takes you 1.5 full seconds to react to road
situations while driving, and you car can give a maximum braking
acceleration of 9 m/s2, what would be your total stopping distance if
you were traveling at a.) 20 mph, b.) 40 mph, c.) 60 mph, d.) 80 mph?
Give all answers in feet.
9.) Two children, creatively named A and B, have a 100 m foot race.
Child A can accelerate at 1 m/s2 for 3 seconds before leveling off, and
Child B can accelerate at 0.6 m/s2 for 6 seconds before leveling off.
At what point (in time) does Child B pass Child A? Who wins the race
and by how much distance?
10.) Child A gets mad and demands a rematch of the race outlined
above. This time child A is given an 8 second head start. Who wins
now and by how much time?
11.) Decipher:

"A revolving lithic conglomerate accumulates no
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congeries of small, green bryophytic plants."

Homework 2.6

(DNCTHWG)

- Graphs of Motion

1.) Examine the following graph of position versus time and in words,
describe the motion that is taking place. (M1*)

2.) Examine the following distance versus time graph and explain in
words what motion is represented. (M16)

3.) On the distance versus time graph below, identify all the points
or areas of the graph where the object is:
i.) moving the fastest
ii.) standing still
iii.)moving in reverse
iv.) speeding up
v.) slowing down
(M20)
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4.) On the following velocity versus time graph, identify all the
points or areas on the graph where the object is:
i.) standing still
ii.) going in reverse
iii.)traveling at a constant velocity
iv.) speeding up
v.) slowing down
(M21)

5.) Describe the motion represented on the v vs t graph below and
construct the corresponding x vs t graph.

6.) From the x vs t graph below, construct a v vs t graph for the
motion.
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7.) Calculate the distance traveled from the following velocity
versus time graph.

8.)

Why is this graph of position versus time impossible ? (M3*)

9.) Describe the motion represented below (remember what it takes to
answer a question like this completely).
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10.) Describe the motion represented below.

11.) Describe the motion represented below.

12.) Determine each of the following parts of or points on the graph.
a.) The object standing still.
b.) Acceleration equal to zero.
c.) Constant positive acceleration.
d.) Increasing negative acceleration.
e.) Decreasing positive acceleration.
(M12*)
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13.) Decipher: "Male cadavers are incapable of yielding any
testimony." (DNCTHWG)

Homework 2.7 - Free Fall
1.) If there was no air resistance, how fast would rain drops be
falling when they hit the ground from a cloud 2000 m above the surface
of the earth? Would it be safe to go outside during a thunderstorm ?
2.)

If an object is shot upward with a velocity of 300 m/sec,
a.) how long will it be in the air?
b.) How fast would it have to be shot to remain in the air for
20 sec?

3.) If you drop a stone off a bridge (60 m to the water below) and
then throw a second stone downwards at 8 m/s two seconds later, which
one will hit the water first ? Do not just answer, verify your
answer.
(F6)
4.) One day, with nothing better to do, you throw an arrow straight
down from a balcony (5 m) with a velocity of 30 m/s. Find the
acceleration, assumed constant, the arrow underwent in stopping, and
the time from the moment it hit the ground until it was fully at rest,
both assuming that it sinks 15 cm into the ground.
5.) If a ball of playdough is dropped from 6 m high and is in contact
with the ground for about 0.015 seconds before coming to rest, what
was the average acceleration of the ball during that time?
6.) A child tosses a ball straight up into the air. How much higher
must the ball be thrown if it is to spend three times as much time in
the air? Answer in general, not specific terms, and support your
answer with an algebraic proof.
(F3)
7.) Explain why the following is true. If an object is thrown
straight downwards from a bridge at velocity v and a second object is
thrown straight upwards at the same velocity v, they will both reach
the water with the same final speed (though obviously not at the same
time).
8.) Decipher:
(DNCTHWG)

"Pulchritude possesses solely cutaneous profundity."

Homework 2.8 - Calculus Applications
1.) If an object moves according to the equation x(t) = 32 m + (16
m/s)t + (-3 m/s2)t2, what is the equation of the velocity and the
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acceleration of the object?
acceleration at 4 seconds?

What is its position, velocity, and

2.) If an object moves according to the equation x(t) = 8 m + (-16
m/s)t + (3 m/s2)t2 + (1.6 m/s3)t3, what is the equation of the velocity
and the acceleration of the object? What is its position, velocity,
and acceleration at 10 seconds?
3.) If the acceleration of an object follows the equation of a(t) =
(4 m/s3)t, write an equation (using constants) for the velocity and the
position of the object.
4.) If the acceleration of an object follows the equation a(t) = (2.3 m/s2) + (3 m/s3)t and starts at position x = 4 m and velocity of 0
at time 0, what is the equation of the velocity and position of the
object.
5.) Find the total distance traveled from 3 seconds to 10 seconds of
an object whose velocity is given by V = 2 m/s + (16 m/s2)t + (0.2
m/s3)t2
6.) If an object has an acceleration given by a(t) = (0.3 m/s3)t, and
it begins at a velocity of 4 m/s at time zero, how much distance has
it traveled in the first 30 seconds?
7.) If an object has an acceleration of a(t) = (1.8 m/s2)sin{(0.4
1/s)t}, how much distance does it cover in the first 10 seconds?
Caution, this is a tricky one.

LetsLearnPhysics

-

Chapter 2 -

Page 56

Labs and Activities
Lab #2.1 - Graphing Motion
Purpose: To become more acquainted with how graphs of motion represent
objects in motion. In this lab you will be given five graphs of
motion that you will attempt to imitate. You will do so by using a
computer interface that will actually graph the motion of a cart for
you. Your goal is to print out five graphs from the computer that you
have created by moving the cart. Each graph should match one of the
given graphs.
Procedure:
1.) Choose one of the five graphs below to imitate. Pay attention to
whether it is an x vs. T or a v vs. t. Discuss with your partner what
the motion should look like and try to imitate the motion with the
cart.
2.) When you are convinced that you understand the motion, start the
computer and imitate the motion (be sure you are graphing the
appropriate thing: if the graph you are imitating is x vs. t, then
graph distance vs. time, if it is v vs. t, then graph velocity vs.
time). If the graph looks like the graph you were attempting to
imitate, you have been successful. Print the graph and label it.
3.) If your graph is not satisfactory, redo the entire data
collection until you have a graph that matches.
Conclusions: On each graph, describe the motion that occurred in
ordinary language (forward, speeding up, etc.). Also discuss how well
the interface worked and how accurate the graphs were. Discuss any
discrepencies.
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Activity #2.1 - Graphing Motion
In this activity we will graph the motion of cars taking off from
the light on Midway Road. Students will be positioned with
stopwatches at certain intervals after the light. When a car takes
off from the light, a student at the start will give a signal for the
others to begin timing. The students should stop their clock when the
car passes their position and then record the time it took the car to
reach them on the chart below. Back in the class room, students
should make a D vs. T graph for each car and then a D vs. T2 graph for
each car. From the second graph each student should determine the
acceleration of each car and then find the speed of the car when it
reached the last person.

Graphing the Motion of Cars
Distance/Student

Car 1

Car 2

Car 3

Car 4

10 m
20 m
35 m
50 m
75 m
125 m
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Car 5

Lab #2.2 - Analyzing Motion
Welcome to the high tech world of experimental physics. In this
lab we will be analyzing motion in one dimension for two cases: a.)
the case of constant velocity and b.) the case of constant
acceleration. To understand this lab it is very important to know how
to use a piece of equipment that was on the leading edge of technology
sometime around 1901.
The Ticker: Shown below (figure 1) is what is known as a "ticker".
The device has an on/off switch and when the switch is placed on the
40 Hz position, the arm will go up and down approximately 40 times per
second. Underneath the arm, a carbon disk is placed with a piece of
"ticker tape" underneath it. Every time the
arm strikes the carbon disk, it leaves a black dot on the ticker tape.
The time between strikes is called the period of the ticker and if the
tape is moving (being pulled) the period of the ticker represents the
time it took the tape to move the distance between the dots.
Therefore, if we measure the distance between the dots (see diagram 2)
and we find the distance to be 2 cm and we know the period to be 0.1
sec., we can say that the tape moved 2 cm in 0.1 sec. Depending on
how the tape moves through the ticker, the distance between the dots
may or may not be constant. The time difference between dots will
always be constant and equal to the period of the ticker

Figure 1.
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Figure 2.
In this experiment we will be attaching the ticker tape to various
objects to analyze their motion. It should be noted that if the tape
is attached to an object and the object moves, the tape will move
through the ticker at the same rate. Thus the dots on the ticker
directly represent the motion of the object to which the tape is
attached.
Analyzing the Ticker Tape: In this lab we will try to study the
motion of certain objects. In particular, we are interested in how
the objects position is related to time (in other words, what is the
relationship between x and t). We will determine the objects position
at certain times by analyzing a ticker tape that was attached to the
object. A ticker tape is analyzed in the following fashion (refer to
figure 2):
1.) The first few data points are disregarded, as they will
generally be very close together due to experimental
deficiencies.
2.) Pick a point further on and mark this as position zero (x =
0, t = 0).
3.) Measure the distance to the second dot. The distance from
position zero to this data point corresponds to the position (x)
of the object at the time the dot was made (t = the period).
5.) Continue this procedure through the rest of the tape. At
each dot the position will be the distance from the x = 0 point
and the time will be the number of the dot times the period of
the ticker.
Part I:

Finding the Period of the Timer.

In order to analyze the motion of the object you need to know the
period of the ticker that you are using. This is found in the
following fashion:
1.) Acquire a length of ticker tape of approximately two meters.
Place it through the ticker.
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2.) Have one person hold the ticker and throw the switch, one
person pull the tape and one person time the event.
3.) The person who pulls the tape should start a second or so
before the ticker is started. This person is to pull the tape
through the ticker at a constant rate. This is best accomplished
by walking slowly away from the ticker.
4.) Once the person starts walking, the other two throw the
switch and start the timer.
5.) After five seconds, stop the timer.
6.) Count the number of dots made by the ticker on the tape.
7.) The period of the ticker is 5 seconds divided by the number
of dots made in those five seconds.
8.) Record this result for later use.
9.) Once you have calibrated the ticker, do not switch tickers
or batteries, since this would change the period of the ticker.
Part II:

Motion with Constant Velocity.

In this part of the lab you will analyze the motion of a kinematics
cart with a constant velocity.
1.) Set up a track on a table and attempt to level it to the
best of your abilities.
2.) Attach a piece of ticker tape to a kinematics cart (mark on
the tape which end is attached to the cart), set up and turn on
the ticker and give the cart a slight push (see figure 4).
3.) Before the cart falls off the track, catch it.
4.) Analyze the motion of the cart using the methods described
above.
5.) Make a data table and a graph of the carts position versus
time.
6.) See the section below for hints on drawing conclusions.

Figure 4.
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Part III:

Motion with Constant Acceleration.

In this part of the lab you will analyze the motion of a falling
weight.
1.) Attach a length of ticker tape to a weight and hang it over
the edge of the balcony.
2.) Set up the ticker, turn it on, and drop the weight.
Note: Make sure the tape can pass easily through the ticker and
not get caught.
3.) Analyze the motion of the weight by the methods described
above.
4.) Make a data table and a graph of the weights position versus
time.
5.) See section below for hints on drawing conclusions.
Hint:
t.

You will probably need more than one graph to determine x vs.

Hints on Drawing Conclusions and Analysis:
After you find all the necessary information from the graphs, you
should compline it in a chart line the one below:
Variable

Cart Experiment

Drop Experiment

Ät
Äx
vi
vf
a
You should determine the exact relationship of position versus
time for each case. Consulting your three equations of motion in one
dimension, why do these relationships make sense? Using the slope of
the first graph in part II and the slope of the second graph in part
III, you can determine a certain quantity for each case of motion.
What is the value of each slope and what does it stand for? On the
second graph in part III, the slope has an accepted value of 4.9
m/sec2. What was your percent error in this part? Does the slope of
the first graph in part II have and accepted value? If so, what is it
and what is your percent error? The y-intercept on the first graph
has a physical meaning. What is it? You should stress how the
equations match the graphs produced.
Warning: I am a stickler for neatness and completeness on
graphs, since these are important tools for analyzing physical
situations. All slope calculations (including the triangles that you
use) should be shown on the graph. Do not use data points to
calculate your slope, use your line - it is more accurate. Remember
to review the sheets given to you on the first day of class as to what
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is expected of you for a lab write-up. REMEMBER - ON GRAPHS IN
SCIENCE YOU NEVER CONNECT THE DOTS - YOU DRAW THE BEST FITTING LINE OR
CURVE.

LetsLearnPhysics

-

Chapter 2 -

Page 63

Activity #2.2 - Human Reaction Time
In this activity we will use our equations of motion to measure human
reaction time.
Part I:

Catching a Dollar Bill.

Have your partner hold a dollar bill by one edge, with the bill
hanging straight down. Position your thumb and forefinger on either
side of the bill and have your partner release the bill without
warning. The goal is to try to catch the bill between your fingers.
Do you think you can do it ?
Part II:

Visual Reaction Time.

In this part of the activity, one person holds a meter stick
vertically and the other person positions their hand at the 50 cm
mark, with their thumbs on one side of the stick and their pointer
finger on the other. The first person then releases the stick without
warning. The second person, when they see the stick begin to fall,
grasps it between their fingers. The distance between where they
grasped the stick and the 50 cm mark is the distance the stick has
fallen during the time it took them to react to seeing the stick fall.
Using this distance along with the acceleration due to gravity in the
equations of motion, the persons reaction time can be calculated.
This should be done five times and then the average of the trials
should be calculated.
Part III:

Audible Reaction Time.

The procedure in this part is the same as in part I, except that
this time the second person stands with their eyes closed and the
first person calls (DO NOT SHOUT.) "go" at the instant that they drop
the stick. Again, five trials should be done and an average taken.
Visual Reaction Data
Trial #

Äx (m)

Average

reaction
time
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Audible Reaction Time
Trial #

Äx (m)

Average

reaction
time
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Lab 2.3 - How Close to Free-Fall?
In this lab, you will use a photogate and “time of flight” pad to
measure the time it actually takes for an object to fall a certain
distance. You will then compare this to the time given by our free
fall equations and see how accurate the theoretical value is.
Procedure:
1.)
2.)
3.)

4.)
5.)

Attach a photogate and a “time of flight” pad to the computer
interface and set them up so that they measure the time it takes
an object to drop from the photogate to the pad.
Measure the distance from photogate to pad and record it in data
table below. Use the freefall equations to determine the time it
should take an object to fall that distance.
Using a golf ball, drop the ball from just above the photogate to
the pad.
Record the time the computer gives for the free fall.
Repeat this two more times, average the times and find a percent
error with the theoretical.
Repeat this procedure 3 more times with a ping pong ball, a small
wooden ball, and a small metal ball.
Repeat the entire procedure with the set moved to the balcony.
To do so, you will have to disconnect the interface from the
computer.
Short Distance

Distance fallen
Theoretical time to fall
Ball

Time Trial 1

Time Trial 2

Time Trial 3

Average
Time

Golf
Ping Pong
Wood
Metal

Long Distance
Distance fallen
Theoretical time to fall
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Percent
Error

Ball

Time Trial 1

Time Trial 2

Time Trial 3

Average
Time

Golf
Ping Pong
Wood
Metal
Conclusions: Draw your own conclusions.

LetsLearnPhysics

-

Chapter 2 -

Page 67

Percent
Error

Lab #2.4 - Approaching Freefall
Purpose: To investigate how a cart rolls down different inclines as
they get steeper and steeper. From this information, the acceleration
of gravity can be extrapolated (though not precisely determined).
Procedure: Using a computer interface, the acceleration of a cart down
an incline plane will be determined for different angles. The angles
will begin shallow (about 10o) and get progressively larger. A total
of 15 angle should be used, with at 6 of them in the upper range
(between 60o and 90o) and 6 in the lower range (0o to 30o).
1.) Set up an incline plane as a ramp and place a motion sensor at
the top. Adjust the software to read velocity and set the counting
rate to 20 Hz.
2.) Determine the angle of the ramp by using trigonometry and
measuring two of its sides. Be careful when doing this, be sure you
are making the appropriate measurements.
3.) Release the cart and view the graph of velocity versus time for
the run. Find the slope of the graph (the computer can do this for
you), this is the acceleration of the cart. Record this in the data
table provided.
4.)

Repeat this procedure 14 more times with different angles.

5.)

Graph acceleration versus angle of ramp.

Conclusions: By studying the shape of the graph, what can you conclude
about the relationship between acceleration and the angle of the ramp?
Can you guess at the appropriate equation? What conclusions can you
draw? Discuss the behavior of the graph and the acceleration as the
angle approaches 90o (the limit). Make a hypothesis regarding the
equation relating acceleration to angle and then make a second graph
to test this equation? I will give you one hint: the procedure for
determining the equation is the same as our previous procedures,
however, the first graph is not one we have come to immediately
recognize (it is not a square, direct, square root or inverse). A
second graph is all that should be necessary to determine the
relationship. How well did your hypothesis work?
If you wish to “go the extra mile”, find a physics textbook and
try to determine the actual relationship. Compare it to your
hypothesis. Please, actually try to figure out the relationship, I am
interested in seeing your thinking, not your research skills. Do not
look up the relationship and then make your hypothesis to match. You
are not graded on whether or not you guessed correctly, but rather on
your reasoning and explanation.
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ramp
trial

measurements

leg 1
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acceleration

