Your Name:

Gravity Pre-Lab

1.

Why do you need an inclined plane (as opposed to dropping a ball straight down) to measure the
effects due to gravity?

What are several advantage of using an air-track?

Using equations 1-3, find a symbolic equation to find the acceleration, a, of a ball that took At
seconds to roll Ax meters down an inclined track. (Your equation should only involve the variables
a, At, and Ax.)

If the inclined plane were truly frictionless, how should the ball’s acceleration depend on its size?

Do you expect a small ball to have a smaller, larger, or the same acceleration as a much larger ball?
What effects need to be taken into account to answer this question?

Make predictions for the result after each of the collisions shown on the left. Draw what you would
expect on the right, using arrows to indicate velocity.

Gravity and the Laws of Motion (Manual)

Elastic, equal masses, equal speeds

g~ <7

Inelastic, equal masses, equal speeds

g~ “od

Elastic, equal masses, one stationary

oo~ oJo

Inelastic, equal masses, one stationary

oo~ o9




Definitions:

Velocity: The speed of a moving object and its direction
Acceleration: A change in velocity (speed or direction)
Force: What you need to apply to a mass to accelerate it (change its velocity)

Introduction:

Until the time of Galileo, everyone accepted the Aristotelian concepts of physics. Aristotle taught that
everything tries to seek its “proper place.” In Aristotle's time it was thought that matter was made of
four elements: air, fire, earth and water. Accordingly, he thought lighter objects fall more slowly than
heavier ones simply because lighter things contain more of the lighter elements, air and fire, and heavier
things tend to fall faster because they contain more earth and water. Similarly, Aristotle said that the
natural state of an object is to be at rest, so that an object will stop moving as soon as the force acting
on it is removed. Aristotle had no concept of acceleration.

Galileo did a series of experiments to show that all bodies accelerate toward the earth and that they all
accelerate in the same way. He also showed that in the absence of friction, bodies would keep moving
forever. In effect, he achieved a partial understanding of gravity, and he discovered the concepts of
acceleration and inertia.

Galileo (and Newton after him) showed that the acceleration of gravity is a constant for all objects at
the surface of the Earth, which means that the velocity of a falling object increases continuously. In
Newtonian terms, Galileo found that the following relations hold:

A ball is released and rolls down an inclined plane (ramp) a distance 4x in a time A¢. The symbol A4
is used to represent “change in”, so A¢ means “change in #’, where ¢ is time

P & The average velocity of the ball (1)
At
Vf =2V =alt The final velocity of the ball when it reaches the distance 4x 2)
Vf
. A_l‘ The acceleration of the ball as it rolls down the ramp 3)

So far we have not addressed gravity at all. It is the force of gravity that causes the ball to roll. On
Earth, the downward acceleration caused by gravity is

2=9.8 meters/s*

The acceleration of a free-falling body due to gravity is g = 9.8 meters/s* and it is the same for all
objects, independent of the objects’ mass.



This was quite profound in Galileo’s time. Newton proved with his mathematical formulation of gravity
what Galileo had shown experimentally, that if you drop a heavy object and a lighter object off the top
of a building at the same time, they will hit the sidewalk at the same time (neglecting the effects of air
resistance). Gravitational force and energy are dependent on mass, while gravitational acceleration is
not.

The last thing we have to consider in our experiment is that a ball rolling down an inclined plane is not
in free-fall. The inclined plane exerts some force on the ball. The larger the inclination of the plane, the
smaller the force exerted by the plane, and the closer the ball will be to free-fall. The acceleration of
the ball in the direction it rolls down the ramp (a) is not the full acceleration of gravity. The acceleration
is some fraction of g, and that fraction must have something to do with the inclination of the ramp.
Let’s define the angle @ as the angle of inclination of the ramp. When @ = 0°, the acceleration of the
ball is zero (the ramp is flat), when € = 90° the acceleration of the ball is g, because it is in free-fall.
What trigonometric function (sine, cosine) behaves like this? Sin(6) is zero when 8 = 0°, and is equal
to one when € = 90°. So we might simply guess that the way to relate a to g would be:

a = gsin(0) 4)

This is exactly correct, and can be shown with a little bit of trigonometry and a discussion of vectors,
which we will do in lab.

You know how to calculate a. If you can calculate sin(6) of your ramp, you can get an experimental
value for g.

Calculating error: When comparing experimental results to predicted values, it can be useful to find
a percent error. The lower the percent error, the closer your results are to the predicted values. You
can use the following equation to calculate errors:

(% error)=| [(predicted value) - (experimental value)] / (predicted value) | 5)

Available equipment:

Balls of different materials and sizes, scale for weighing the balls, ramps and air tracks (“Inclined
planes”), stopwatch, ruler.

Outline of Experimental Procedure:

As with any experiment, you should make predictions about the outcome of the experiment based on
your previous knowledge. At the end of the experiment you will compare your predictions to the
observed outcome. If your predictions do not match the observed outcome, you will need to supply
reasons as to why they did not concur. These reasons may be because of errors, equipment failure,
inaccuracies in the measurements, or they may mean that the theory itself needs to be rethought.

Activity 1: Acceleration of Gravity — Galileo’s Experiment



Galileo found that he could not measure motions of falling bodies directly, because they accelerated
too quickly. Instead, he did experiments by rolling balls down inclined planes, so that the
acceleration was much slower. You will repeat Galileo’s experiment. There are however, two
problems with this technique. The first is friction. A rolling ball is not subject to much friction, but
the friction is not zero. Additionally, it takes energy to make things spin. As the balls roll down the
incline plane and some of the gravitational potential energy goes into making the ball spin and that
energy isn’t helping the ball accelerate down the ramp. We will not take this effect into account.
First, make a prediction on how the size of the ball will affect its acceleration. Roll some balls down
the inclined plane, and measure their average velocity and acceleration by finding how much time it
takes the ball to reach the bottom of the inclined plane. Compare your observations to your
predictions.

Questions:
1. What is the Mass of each sphere?

2. What are the angles of the plane?

3. What is the length of the track that the ball will travel?

4. How long does each ball take to roll down the plane?

Ball 1 Ball 2

Angle 1

Angle 2

5. Compute the acceleration using equation 3.

Ball 1 Ball 2

Angle 1

Angle 2

6. Compute the value of g for each angle using equation 4.



Ball 1 Ball 2

Angle 1

Angle 2

Compute the percent error for each value of g that you got in the previous step.

Ball 1 Ball 2

Angle 1

Angle 2

How well do your values agree? What are some possible sources of error?




Activity 2: Acceleration of Gravity — Cart Track Experiment

Here you will use a cart on an incline plane or track to repeat the above experiment. The main
difference between the balls and the cart is that the carts have very little in the way of rotating mass,
less mass that needs to spin (they have wheels but they are quite small and made of light plastic).
With less mass that needs to spin up less energy will be sapped from the acceleration down the track.

Use the computer to measure the position of the cart versus time. To do this make sure the motion
sensor is plugged into the Lab Pro device and the Lab Pro’s USB cable is plugged into the computer.
Open Logger Pro using the icon on the desktop.

Logger Pro should automatically recognize the sensors, if it doesn’t:
Under the Experiment tab mouse over to Set Up Sensors and under the pop up tab select LabPro: 1
A window will open with a picture of the LabPro. Select the Dig/Sonic 1 box in the upper right hand

corner and choose the Motion Detector s Page Help

You can close the LabPro window now. TSP
Y(_M f:an take measurements of j[he carts position Ve'rsus time by Ak EQ = BN
clicking the Collect button ( a little green button with and arrow). -8 f== : u

It is located above the graph.

When you hear the motion detector start to tick it is taking
measurements.

You should zero the motion detector by going to the Experiment tab, and within the drop down menu
you will see Zero. Make a Zero position by setting the cart at the opposite end of the track from the
detector and Click Zero. If you move the detector or the start position of the cart you will have to re-
Zero it.

It takes the computer about 2 seconds to begin taking data after you click Collect. Wait until you hear
the Lab Pro device start ticking and then release the cart.

You should see the data represented by a line on the graph. You can open another graph window by
clicking Graph under the Insert tab. By double clicking on the graph you will bring up the Graph
Options window. Under Axes Options you can choose to display the Acceleration, Velocity, or
Position.

To find the average slope of a line on the graph:

First you need to decide from what part of the graph you want the slope. In our example it is a graph
of Position vs. Time. We want the average velocity while the cart was moving. We need to click and
drag the mouse over the portion of the line that represents the moving cart thus highlighting it. Be
careful to only highlight the part of the line in which you need. The bump at the end of the graph is
where the cart was kept from hitting the sensor by someone’s hand and shouldn’t be included in our
slope calculations.
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Now click the linear fit y button:
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The computer will fit the line and give you the formula of the line in the f{x) = mx +b format, where
x 1s the independent variable (t in our example), m is the slope and b is the y intercept.

0 =
w5 Linear Fit for: Latest | Position

X = mt+b

m (Slope): 0.5524 m/s

b (Y-Intercept): -0.2155 m

Correlation: 0.9934
-0:1 RMSE: 0.03123
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Use the computer and sensors to measure gravity by inclining the track by a small amount (the feet of
the track can be unscrewed to raise the track) and measuring the cart’s average velocity and
acceleration. Again, compare your observations to your predictions.

To summarize:
1. Zero the motion detector
2. Hit Collect and then wait until you hear the ticking to release the cart
3. Click and drag to select JUST the portion of the position v. time graph where the cart is in
motion and select “Linear Fit.” The slope of this fit is your average velocity.



4. Perform the same procedure as in step 3 on the velocity v. time graph. The slope of this fit is
your acceleration

Questions:
1. What is the mass of your cart?

Answer these questions in the following table:

2. What are the angles of the track?
What is the average velocity on your graph?
What is the average acceleration on your graph?
Compute a value of g for each angle using equation 4.
Compute percent errors for each value of g.

A

Experiment 1 Experiment 2

Angles

Average Velocity

Average Acceleration

Calculated value of g

Percent error

7. Use the percent errors to make a statement about the accuracy of your experiment. What are
some possible sources of error? Which sources of error from the first activity (Galileo’s
experiment) are no longer present in this activity?

8. Compare your values of g and their percent errors for the first two activities to the actual
value. What conclusions can you draw about the accuracy of each of these experiments?



Activity 3: Force and Acceleration — Cart Track Experiment
Procedure

1. Level the track. Place the pulley at the end of the track opposite the motion detector.

2. Itis possible to attach a string to the cart with a plunger. The string can then be looped over
the pulley at the end of the track and weighted down. This causes a constant force to be
applied to the cart. If you maintain the same weight on the end of the string, then the force
exerted on the cart should be constant.

3. Measure the cart’s acceleration using the LoggerPro software for three different cart weights
(vary the cart weight by adding weights to the cart).

4. Compute the predicted accelerations using the equation you will find in question 2

5. Compare predicted and measured accelerations using percent error (eq. 5)

Questions:

1. What mass is attached to the string? What force will this apply to the cart-string-weight system?

2. Using F = ma find a symbolic expression for the acceleration of the cart-string-weight system.
The only variables in your final expression should be the masses of each component (assume
string 1s massless) Meart, Mweight, g, and acceleration, a.

3. Fill out the table below

Mass of each cart

Predicted accelerations

Measured accelerations

Percent Error




4. How well do your predicted and measured accelerations compare? (Compute a percent difference.)

5. What are some possible sources of error?

Activity 4: Momentum — Track Experiment

Newton’s laws are all a natural consequence of the conservation of momentum. His first law states
that an object’s velocity will not change unless a force acts upon it. This can be approximately
verified by simply pushing a cart on the track. If the tracks were infinitely long and carts were truly
frictionless, and the bumpers did not dissipate any energy, then the cart would never stop after you
pushed it. In reality, of course, the track has some friction, and the bumpers dissipate some energy,
so the cart will eventually come to a stop. Nonetheless, the track is remarkably close to being
friction-free. So it’s worth spending some time verifying Newton’s first law. Now we will try to
demonstrate the conservation of momentum.

After you have gotten bored with one cart, it’s time to see how momentum is conserved when two
carts collide. Remove the pulley from the track and put the bumper on the same end. The carts have
Velcro on one end. If oriented correctly, the carts will stick when they run into each other (inelastic
collision). With the opposite orientation, the carts will not stick (elastic collision). With the equally
massive carts oriented for an elastic collision, propel them into each other at equal speed. Then place
one at rest and propel the other cart. Now perform the same experiments for inelastic collisions. In
each case, compare your observations with your qualitative predictions (prelab).

Now it’s time to get quantitative. First measure the mass of each cart with the scale. Depress the
plunger (all the way) at the end of cart 1 (with mass M;). When you tap the post above the plunger
the plunger will pop out. Use your ruler to tap the post. Place cart 1 (with the plunger depressed)
against the barrier. Place cart 2 (with mass M>) 30em away from cart 1. Note the position of the edge
of cart 2 that will be hit by cart 1: we will call this position d. Begin collecting data. Tap the plunger
of cart 1 with the ruler. It should be propelled down the track, collide and stick with cart 2 at position
d. Don’t let the carts hit the motion detector. Looking at the data table to the left of the graph, find
and record the highest velocity, vi2, of carts after the collision, before friction has much time to act.
Perform this part of the experiment multiple times and record your data so you can take an average,
being careful to place cart 2 in the same place each time. Print a graph.



Set up cart 1 again, but by itself this time. We now are going to measure the velocity of cart 1 right
before it would have hit cart 2. Start taking data (Click the Collect button) and then quickly tap the
post so the plunger extends and the cart is propelled down the track. Don’t let the cart hit the motion
detector. We need to know the velocity that cart 1 has when it would have hit cart 2 at position d.
Look at the data table to the left of the graphs. Scroll down to the position d in the previous attempt.
Record the velocity, vi, of cart 1 at position d. Perform this part of the experiment multiple times and
record your data so you can take an average.

The combined carts should have the same momentum as the single cart. So,

Mivi = (M +M>)viz ()
where viis the speed of cart 1 in the first measurement, and vi2 is the combined speed of cart 1 and 2
in the second

measurement.

Mlvl
Vi T e - wew
(M, +M,)
(6)

Now that you have calculated and measured vi2, compare the two measurements and describe why
there might be differences. With your measurements of the cart masses, the travel times, and
estimated uncertainties in your measurements, you will determine if Newton’s first law is really
correct (if not, we have some textbooks to rewrite).

Summary of procedure:

1. (Qualitative) For each case in the pre-lab, compare your qualitative predictions to what actually
happens. The carts can be oriented so that magnets prevent the carts from sticking (elastic) or so
that the Velcro keeps the carts stuck together (inelastic). Record what you observe in the table
below.

2. (Quantitative) Orient the carts for an inelastic collision. Fully depress the plunger on the first cart
and position it against the backstop on the track, opposite the motion detector.

3. Choose a starting point for the cart without a plunger about 30 cm away from the first cart. This
should be kept constant.

4. Hit Collect in LoggerPro, wait until the ticking starts, and then hit the small metal pole on the
first cart with a ruler or weight to release the plunger.

5. Using the data values on the left of the software, find the highest velocity (positive or negative)
immediately after the collision. Fill in step 2 of the measurements.

6. Find the location where the collision occurred by placing a cart so that the side facing the motion
detector is at the point where the two carts collided (based on the starting point in step 3). Hit

“collect” in loggerpro and record the value of constant position.



7. Repeat step 4, with the stationary cart removed. Using the data values on the left, find the

velocity of cart 1 when at the position you found in the previous step. You may have to take an
average between two data points.

Measurements:

1. Qualitative. Use the table below to show what you observed for the different prediction
types, using arrows to indicate velocity.

Elastic, equal masses, equal speeds

g~ < J

Inelastic, equal masses, equal speeds

3= €

Elastic, equal masses, one stationary

oo~ oJd

Inelastic, equal masses, one stationary

oo~ oo

2. Quantitative: Mass of each car

3. Velocity of both cars after inelastic collision (repeat at least three times)

Experiment 1 Experiment 2 Experiment 3 Average

4. What position (in the Logger Pro software) did the carts collide at? How did you determine
this?



5. Velocity of cart 1 at position d (repeat at least three times)

Experiment 1 Experiment 2 Experiment 3 Average

Answer the following questions:

1. In each case, compare your observations with your qualitative predictions of the four different
types of collisions (pre-lab questions 6-9). Did any of the results surprise you?

2. What is the measured momentum of cart 1 before the collision?

3. Using equation 6, calculate the value of vi> and compare to your measured value of vi; using the
percent error calculation. If they are significantly different, what are some possible sources of
error in your experiment?





