Alabama Science in Motion

2006

Free Fall 

	EQUIPMENT NEEDED


	Computer 

	USB LINK and Digital Adapter                     

	Accessory Photogate


	base and support rod


	Picket Fence (5 cm bands)


PURPOSE
The purpose of this experiment is to investigate one dimensional motion for position, velocity, and acceleration under constant acceleration due to gravity. Students will compare the relationship between the equations that govern these quantities and the graphs that define them.  In addition, students will compare and relate the position graph to the velocity graph and again to the acceleration graph.
[image: image1.wmf]THEORY
As a picket fence or other object falls freely, it accelerates. If the position of a falling object could be measured over several short, consecutive intervals as it fell, the differences in the position of the object can be used to determine its velocity.  Similarly, the differences in the speed of the object can be used to determine its acceleration. In this experiment, a picket fence with several uniformly spaced opaque bands falls vertically through a photogate. The photogate beam is blocked by each opaque band and the time from one blockage to the next becomes increasingly shorter. Knowing the distance between the leading edge of each band (5cm), you can calculate the average speed of the picket fence from one band to the next. The value of the slope of a graph of average velocity versus time will be the acceleration due to gravity of the falling object.

PRE-LAB, PREDICTING THE RESULTS:  Throughout this activity, you will be asked to make predictions and respond to questions; stop and respond to each as they occur.  Record your responses on the Student Response Sheet at the end of the handout.  

1.  From your text, write the equations for position, velocity, and acceleration under constant acceleration.

2.  Sketch what you think the graph of Position vs Time might look like.  Put position on the y-axis. If you need a hint for the general shape of the position curve, consider the influence of (∆t) 2. Keep in mind that the distance between dark bands is fixed at 5 cm intervals.  Also, keep in mind that the time it takes each 5 cm band to pass by the photogate is getting smaller.  If distance is constant, but time is getting smaller, what must be happening to the speed?  
3.  In the last sentence of the Theory above, the slope of the average velocity versus time graph is said to be the acceleration due to gravity.  Sketch a Velocity vs Time curve with a slope of 9.81 (m/s)/s.  
4.  If the acceleration of the object is due to gravity, and is nearly constant at approximately 9.81 m/s2, what would the graph of the object’s acceleration look like?  Sketch the Acceleration vs Time graph.

Now use the equipment to collect and graph free fall motion to test your predictions.

PROCEDURE

1. Carefully align and connect the USB Link to the computer

2. Carefully align and connect the Digital Adapter to the USB Link.

3. Plug the photogate jack into the Digital Adapter.  

4. Turn on the computer and launch Datastudio using the shortcut on the desktop.  

5. From the Datastudio Launch screen, select Open Activity to open the template Free Fall. The document will open with a graph display showing a plot of “Position vs Time” and a table for Acceleration.
6. Attach the photogate sideways on the ring stand so that you can drop a picket fence vertically from above the photogate and have the picket fence move through the photogate’s opening without hitting the photogate.  Some students find it easiest to move the photogate down to the lowest point on the ring stand rod.

7. Prepare to drop the picket fence through the photogate beam. Hold the picket fence at the top end between your thumb and forefinger so the bottom edge of the picket fence is just above the photogate. Practice dropping and catching the picket fence making sure it does not hit the floor.  If preferable use a pad from the computer box to cushion the impact.  Do not let the fences strike the floor or they will break.  A “good run” passes completely through the photogate without touching it.  

8. Click on “START” to begin recording data and then drop the picket fence through the photogate beam. Data collection begins when the photogate beam is first blocked. When the picket fence is through the beam, click “STOP.” Data should appear in the Graph displays and “Run #1” should appear in the Data Sets list. Each person in the group should drop the picket fence for at least two data runs. Each group member should also run the computer during data collection.
ANALYZING THE POSITION DATA
P1.
From the data table for Acceleration, review your trials for the run number that shows the mean acceleration closest to the accepted value of 9.81 m/s2.  Once you have identified the run number with the best mean acceleration, record the run # and mean acceleration on your paper. 

P2.
Click on the graph display.  Maximize the graph window. Use the “data” pull down menu to remove all runs except the run identified above as having the best mean acceleration.  The quickest way is to choose “no data” and then choose again just the desired run number.

P3.
In the Graph window, click on the “Scale to Fit” tool found in the top left corner of the graph to resize the graph to fit the data.  Remember that pointing the cursor at any tool will display the name of that tool.

P4.
In terms of general shape, how does your position sketched graph compare to the computer generated graph?  Briefly explain any differences.

P5.
In the graph window, select the smart tool.  Use the smart tool to verify that each consecutive position point is 5 cm from the previous point.  The smart tool will display the coordinates (time, position) of its location next to the cursor.  What do you notice about the time between points as the object falls?  What does this tell you about the velocity between positions as the object falls?

P6.
Because the graph is setup to “connect the dots,” you may have noticed a slight upward curve to the position data.  What is the mathematical name for this kind of curve?  Look again at the equation for position.  Does the term ½a(∆t)2 provide a clue about this shape?

P7.  
Looking at the position graph, let’s determine whether or not the data matches the textbook equation.  Select the curve Fit tool from the graph window.  Choose the type of curve fit that you think best matches the type of equation that has a squared term as the highest power.  Hint: there are two possible options.  One is polynomial and means “many terms.”  A better option is the special case of “many terms” whose highest term is squared.  The general form of this special equation is: At2 + Bt + C = 0.

Once you have chosen a type of curve fit, a text box opened on your graph showing the values of A, B, C, and some statistics that tell us how well your equation matches your data.  Note: a Mean Squared Error of “0” indicates the curve fit equation matches the data very well.

P8.  
Compared to the position equation found in your text, the A in the equation from step 7 above represents (1/2*a) or half of 9.81m/s2.  Set your value for A from the curve fit coefficients equal to (1/2*a) and solve for a, the acceleration of your fence.  

P9.
Next, skip down to coefficient C.  Compared to the position equation from your text, the coefficient C represents the initial position of the picket fence.  In this experiment, C should be 0.  Verify that the value for the coefficient C is close to 0.  If C is not very small, ask your teacher for help!

P10.
Compared to your text equation, what does the curve fit coefficient B represent? HINT: Coefficient A is related to acceleration.  Coefficient C is related to the initial position.

Investigating the Velocity of the Picket Fence:

One way to determine the velocity of the picket fence during free fall is to use our definition for average velocity and the data we collected for position and time.  Average velocity is defined as the change in distance divided by the change in time (∆d/∆t).  We know that two black bands on the picket fence are 5 cm or .05m apart.  This is the change in position from one point to another on our position graph.  Using the graph, we need to determine the time it takes for this .05 m to pass by the photogate.  With time and distance, we can determine average velocity.

V1.
Use the smart tool to identify the change in time between the first two consecutive position points.  Use the change in time between two points and the distance traveled (.05m), to calculate the average velocity of the picket fence between the first two positions.  Repeat this calculation for the velocity between the second and third position points and again for the third and fourth position points.  Show a sample of your calculation for one of your velocities, but record all three velocities in the table provided.

V2.
Now you know the average velocity between several position points of the picket fence.  But if these are the average velocities somewhere between two consecutive positions, when exactly is the fence falling at exactly those velocities?  In other words, if you are to graph the Velocity vs Time of the picket fence right below the position graph, using the same time axis, you only have the velocity values. But you still need to know the time coordinate to plot the Velocity vs Time graph. Make an educated guess about the time coordinate for each of the three average velocities you calculated in step one.

V3.
If a printer is available, print your Position vs Time graph.  If a printer is not available, sketch your Position vs Time graph on the top third of a sheet of paper.  Use only the top third of the sheet for the position graph.

V4.
Now, on the same sheet as your position graph and just below the position graph, sketch a graph of your three points for Velocity vs Time of the picket fence.  The two graphs should have separate y-axes, but MUST share the same time scale in order to show the relationship between position points and velocity points at the same time.

Now, let’s go back to the computer and test your prediction by adding a velocity graph. 

V5.
If you haven’t already done so, minimize the data table and maximize the position graph.

V6.
On the upper left side of the screen under the Data tab, find the velocity data run number that matches your position run number.  To add this velocity graph, click, hold and drag the velocity data run to the center of the position graph.  Note: A dashed outline should surround the position graph when you are ready to drop the velocity graph in place. This should add a velocity graph just below the position graph.  Note that the time axis (x-axis) should be the same for both graphs.  How does your sketch prediction for the velocity vs time graph compare to the computer generated graph?

V7.
Compare the location of the velocity data points relative to the position data points in time.  What do you observe?  Use the smart tool to verify your observation.  Make sure the velocity graph is selected by clicking on the run number in the velocity portion of the graph.  Now, go up to the tools menu on the graph window and select the “smart tool.”  Do the same for the position graph.  When the smart tool has been activated for both graphs, it will “lock together” in their time coordinate since both graphs should share the same time axis.  This will show the position and velocity coordinates of whatever point you position them over at the same instant in time. 

V8.  
While the velocity graph is selected, use the smart tool to find the coordinates of the velocity point located between the first two position points.  Does the velocity match your calculation from V1?  Does the time coordinate match your prediction?  If not, compare the computer time coordinate of the velocity point to the two position points.  What is the relationship?  

Analyzing the Computer generated Velocity vs Time graph:

Make sure the Velocity vs Time graph is selected.  Your velocity run number should be highlighted on the graph.  Notice that again, the default setting for the graph “connects the dots.” What shape does this graph take?  

As with the computer generated position graph, we want to look at the curve fit for the velocity graph and compare that curve fit to the equation for velocity with constant acceleration that you found in your text.   Now would be a good time to look at that equation again.  

V9.
From the Velocity vs Time graph, choose the appropriate curve fit option from the Fit pull down menu.  A text box should appear on your graph with the some useful constants.  The general equation for a line is

y = mx + b.

If velocity is plotted on the y- axis and time is plotted on the x-axis, what does the slope of your velocity versus time graph represent?  Hint: Slope is change in y-axis(∆v) divided by change in x- axis(∆t).  How does your computer value for slope match the accepted value?

V10.
Look at the value for the y intercept.  What symbol does this represent in the velocity equation?  Now look back to the position curve fit.  You should find a similar value in the position curve fit, coefficient B.   

Investigating Acceleration in Free Fall

Finally, we need to investigate the acceleration of the picket fence to complete our description of its motion under free fall.  Review your equation and graph prediction for constant acceleration.  The equation should look something like a = g or a = 9.81m/s2.  This equation means that your predicted graph should look like a horizontal line (no slope) and an intercept of 9.81m/s2. 
A1.
As with the velocity graph, add an acceleration graph of the run# that matches your runs for position and velocity.  Drag and drop the matching acceleration run onto the graph window.  The Acceleration vs Time curve should appear below the Velocity curve.

A2.
Notice that the time axis is the same as the Position and Velocity curves.  This will allow you to directly compare the position, velocity, and acceleration of the object at the same instant in time. However, you will need to re-“scale to fit” the position graph to see all of the data in all of the graphs for comparison.  Remember to click on the position graph and then click “Scale to fit.” 

Analyzing the Acceleration vs Time Graph:
A3.
Click on the Acceleration graph.  The run number should be highlighted in the Acceleration graph section.  The software again automatically connected the data points.  However, this time the points “appear” to be somewhat scattered.  Look closely at the y-axis.  Notice that the scale of Accelerations on the y-axis does not start at zero!  The software “zoomed in” on the data, making the points appear scattered.

A4.
Imagine a best fit line drawn through these acceleration data points.  Where would it intercept the acceleration, y- axis?  Record your estimate.

A5. 
Now, use the software to Fit a line to your acceleration data.  As with the velocity graph, your curve fit caused a text box to open showing the values of the slope and y-intercept for your data.  How does the intercept match your prediction?   

A6.
Let’s consider the meaning of the slope in this curve fit.  In the Investigating Acceleration section above, the equation a = 9.81m/s2 is of the form y = mx +b, where m is 0! In other words the theoretical value for the slope of your acceleration graph is supposed to be 0 and your intercept is supposed to be 9.81m/s2.  If your data is really good, you will have a very small slope.  Record the value of the computer estimate for your slope.  

A7.
Let’s see what happens to your intercept if we tell the software to make the slope 0.  In other words we tell the software that this is a physics problem with constant acceleration!  

· Double click on the textbox for the acceleration curve fit.  A pop up Curve Fit editor should appear.  

· Notice the two pull down arrow menus both called Linear Fit.  Click on the lower Linear Fit, pull down arrow.  Scroll down and select User-Defined fit.

· In the equation editor box, you should see an “x.”  Highlight the x and type in the equation 0*x +b.  This equation changes the slope intercept equation for a line to force the slope, m to be 0.  The software will automatically estimate the y-intercept also known as your constant acceleration due to gravity!

· Click on Accept to apply the new curve fit.  Close the editor.
A8.
Maximize the graph window and record your new Acceleration intercept.  Compare this acceleration to the values found in your Velocity and Position curve fit equations as well as your theoretical value.  

Name:

Period ______  
Partner’s Name:

Date: 


Free Fall

For hints and suggestions, read the lab section related to each question!

From: Predicting the Results: Use the space below to sketch your Position, Velocity, and Acceleration Graphs.  Write the equations in the text box provided.  Answer the question in the space below.






Question:
If distance is constant, but time is getting smaller, what must be happening to the speed?

From ANALYZING THE POSITION DATA:

P1.
Record the run # and mean acceleration here:
Run #


Mean Acceleration: 

 

P4.
In terms of general shape, how does your position graph compare to the computer generated graph?  Briefly explain any differences.

P5.
What do you notice about the time between points as the object falls?  What does this tell you about the velocity between positions as the object falls?  You can check your thinking after completing step V1. 

	
	Time in seconds
	Time between points in seconds

	Time 1
	
	XXXXXXXXX

	Time 2
	
	

	Time 3
	
	

	Time 4
	
	

	Time 5
	
	

	Time 6
	
	

	Time 7
	
	


P6.
Because the graph is setup to “connect the dots,” you may have noticed a slight upward curve to the position data.  What is the mathematical name for this kind of curve?  Look again at the equation for position.  Does the term ½a(∆t)2 provide a clue about this shape?

P8.  
Compared to the position equation found in your text, the A in the equation from step 7 represents (1/2*a) or half of 9.81m/s2.  Set your value for A from the curve fit coefficients equal to (1/2*a) and solve for a, the acceleration of your fence.  

P10.
Compared to your text equation, what does the curve fit coefficient B represent? HINT: Coefficient A is related to acceleration.  Coefficient C is related to the initial position.

From: Investigating the Velocity of the Picket Fence:

V1.
Use the smart tool to identify the change in time between the first two consecutive position points.  Use the change in time between two points and the distance traveled (.05m), to calculate the average velocity of the picket fence between the first two positions.  Repeat this calculation for the velocity between the second and third position points and again for the third and fourth position points.  Show a sample of your calculation for one of your velocities, but record all three velocities in the table provided.
	Average Velocities

	

	

	

	


Sample Calculation for the First Average Velocity:

V2.
Review step V2.   Make an educated guess about the time coordinate for each of the three velocities you calculated in step one.  This guess is an explanation, not a number calculation.  However, if you think about it, you should be able to calculate the values for the time coordinates.

V3.
If a printer is available, print your Position vs Time graph.  If a printer is not available, sketch your Position vs Time graph on the top third of a blank sheet of paper.  Use only the top third of the sheet for the position graph.

V4.
Now, on the same sheet as your position graph and just below the position graph, sketch a graph of your three points for Velocity vs Time.  The position and velocity graphs should have separate y-axes, but MUST share the same time scale in order to show the relationship between position points and velocity points at the same time.

V6.
How does your sketch prediction for the velocity vs time graph compare to the computer generated graph?

V7.
Compare the location of the velocity data points relative to the position data points in time.  What do you observe?  Be specific.

V8.  
While the velocity graph is selected, use the smart tool to find the coordinates of the first velocity point located between the first two position points.  Does the velocity match your calculation from V1?  Does the time coordinate match your prediction?  If not, compare the computer time coordinate of the velocity point to the two position points.  What is the relationship?  

From: Analyzing the Computer generated Velocity vs Time graph:
Question?  Notice that again, the default setting for the velocity graph “connects the dots.” What shape does this graph take?  

V9.
The general equation for a line is y = mx + b.

If velocity is plotted on the y- axis and time is plotted on the x-axis, what does the slope of your velocity versus time graph represent?  Hint: Slope is change in y-axis(∆v) divided by change in x- axis(∆t).  How does your computer value for slope match the accepted value? (Hint: 9.81)

V10.
Look at the value for the y intercept.  What symbol does this represent in the velocity equation?  Now look back to the position curve fit.  You should find a similar value in the position curve fit, coefficient B.   Record both the y intercept value from the Velocity graph and the coefficient B from the Position graph.

	Velocity vs Time, y-intercept
	Position vs Time,

Coefficient B

	
	


From: Analyzing the Acceleration vs Time Graph:
A4.
Imagine a best fit line drawn through these acceleration data points.  Where would it intercept the acceleration, y- axis?  Record your estimate.

A5. 
Now, use the software to Fit a line to your acceleration data.  As with the velocity graph, your curve fit caused a text box to open showing the values of the slope and y-intercept for your data.  How does the intercept match your prediction? Record your y-intercept value below.

A6.
Review comments in A6.    If your data is really good, you will have a very small slope.  Record the value of the computer estimate for your slope.

A8.
From your acceleration graph, record your new intercept and compare this value to the acceleration values found in your Velocity and Position curve fit equations as well as your theoretical value.  Record these values in the table below.

	Acceleration from Position Curve
	Acceleration from Velocity Curve
	Acceleration from Acceleration Curve

	
	
	


EXTENSIONS

1.  Using the Draw Prediction graph tool to introduce instantaneous velocity.

· On the position curve, once the best run is determined, use the slope tool to determine the instantaneous velocity at each position point.  Record these values in a table.

· Select the Smart Tool on the position graph to help identify the point coordinates

· Open a velocity graph as in the experiment instructions.  Remove all data from the velocity graph only by selecting NO DATA from the data pull down menu.

· Select the Smart Tool on the blank velocity graph.

· Allow the Smart cursors to lock together on the time scale and use the smart cursor on the velocity graph to locate the coordinates of the first of your slope, instantaneous velocities from your position graph.  

· Once you have positioned the Smart tool for the first Velocity point, select the Draw Prediction tool to place a data point at those coordinates.  Note: if the Draw Prediction tool is not in the graph menu, double click on the velocity graph.  On the pop up window, select the Tools Tab.  Select the Draw Predict Tool.  Close the popup window and the Draw Predict tool should appear in the menu.

· Repeat the above step for the other instantaneous velocities.

· With all of your predictions in place, go to the Data pull down menu and select the data for best run.

· Discuss whether your predicted instantaneous velocities are consistent with the computer generated average velocities.  Test your results by adding the curve fit equation.  The equation will only relate to the computer calculate average velocities.  However, the students should observe that their predictions for instantaneous velocity are on the same line.  Therefore, the same equation applies to their predictions.

Now your students have a perspective that will allow you to discuss the relationship between average velocity and instantaneous velocity under constant acceleration.

2.
Using Integration (Area under the curve) to generate the equations of motion for constant acceleration.

Equations from text:





Position Equation:





				











Velocity Equation:





				











Acceleration Equation:
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Acceleration vs Time





Time
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