FILMING SCRIPT

Lab 5: Motion in Two Dimensions

Scriptwriter Name: Chris Malec
Lab Manual: Physics 101
Lab: Motion in Two Dimensions

Video A: Instructor’s Guide to Setup – (Motion in Two Dimensions)

1. List of Materials (assuming a lab group of 10 students working in pairs)

1. Lightweight projectile and projectile launcher set with variable launch angle x5
2. Rod or dowel to insert projectile x5
3. Digital photogate timer system x5
4. Photogate x10
5. Mounting bracket x5
6. Photogate timer x5 
7. Magnetic angle measure/protractor (0.5-degree accuracy or better) x5
8. Measuring tape (at least 4 m) x5
9. Table clamp x5
10. Two-meter stick x5
11. 10-inch floral hoop x5
12. < 10-inch floral hoop x5
13. small < 10-inch bucket or similar x5
14. Tape (any kind that secures the projectile launchers and can be removed from floor later) x5

2. Set-up (No Title Slide)

2.1. Create an uninterrupted horizontal space of 4-5 meters [1-WIDE] along which each group can fire their projectiles. [2-WIDE] Place a table along the side that allows them to mount their two-meter stick. [3-MED] This table will also be used for the horizontally launched projectile. [4-MED] You may have to rearrange tables or desks in advance. [5-WIDE] If this much space is not available, use a lower power setting on the projectile launcher. [6-CLOSE]

2.1.1. Talent takes several paces towards the projectile launcher on the floor, demonstrating the clear area.
2.1.2. Talent launches a projectile.
2.1.3. Talent indicates the table placed about halfway between the launcher and where the projectile lands.
2.1.4. Talent places launcher on table, and adjusts launcher into horizontal position.
2.1.5. Talent pushes table or desk a few inches.
2.1.6. Talent places launcher on floor and fires at a low setting (1 click).

2.2. To perform the experiment, each group will need one projectile launcher with projectile [1-WIDE] and a rod to push it in, [2-CLOSE] two photogates, [3-CLOSE] a mounting bracket, [4-CLOSE] a photogate timer, [5-CLOSE] and tape. [6-CLOSE] For measurement, each group will also need a protractor, [7-CLOSE] measuring tape, [8-CLOSE] a table clamp, [9-CLOSE] and a two-meter stick. [10-OVER MED] Finally, to test predictions, each group will need a floral hoop of 10 inch diameter or less, [11-CLOSE] and a bucket of approximately the same height as the projectile launcher [12-MED] and also of 10 inch diameter or less. [13-CLOSE]
2.2.1. Talent places launcher and projectile on table.
2.2.2. Talent places rod next to launcher and projectile.
2.2.3. Talent places two photogates on table.
2.2.4. Talent places a mounting bracket next to the photogates.
2.2.5. Talent places a timer next to the photogates and bracket.
2.2.6. Talent places tape on table.
2.2.7. Talent places protractor on table.
2.2.8. Talent places measuring tape on table.
2.2.9. Talent places table clamp on table.
2.2.10. Talent places two-meter stick along table.
2.2.11. Talent holds up floral hoop to camera and places floral hoop on table.
2.2.12. Talent places bucket next to projectile launcher and indicates that the two are approximately the same height.
2.2.13. Talent tips bucket towards camera to show diameter.
  
2.3. Mount the photogate bracket to the launcher. [1 - CLOSE] The photogates should be positioned so that the first one [2-CLOSE] is just in front of the launcher muzzle. [3-CLOSE]
2.3.1. Talent attaches the mounting bracket to the launcher with photogates already attached.
2.3.2. Talent adjusts the first photogate to be closer to the launcher muzzle.
2.3.3. Talent indicates the launcher muzzle with their finger.

Video B: Student Laboratory Exercise – (Motion in Two Dimensions)

3. Experiment (No Title Slide)

3.1. In this lab you will measure the path of projectiles, [1] and calculate the expected maximum height and range of the projectile given the initial speed and angle.  [2] You will test predictions for projectiles fired horizontally from an initial height, [3] and fired at an angle at ground level. [4]
3.1.1. See Storyboard

3.2. First you will measure the distance a projectile travels when it is fired horizontally from an initial height. [1-WIDE] Place the launcher on the table close to the end, [2-MED] so that the end of its muzzle is just above the very edge. [3-CLOSE] Secure the launcher to the table with tape. [4-OVERMED] Adjust the launcher angle so that the barrel of the launcher is as close as possible to perfectly horizontal. [5-MED] Verify this with an angle finder or a level. [6-CLOSE]
3.2.1. Talent places launcher on the table.
3.2.2. Talent moves launcher closer to the edge of the table.
3.2.3. Talent indicates the edge of the muzzle and the edge of the table.
3.2.4. Talent tapes the launcher to the table.
3.2.5. Talent adjusts launcher so that it is leveled.
3.2.6. Talent holds protractor or other angle measurement to launcher and demonstrates that it is leveled.

3.3. Measure the initial height of the projectile, [1-MED] by measuring the distance from the floor [2-CLOSE] to the bottom of the launcher muzzle. [3-CLOSE] Record this value in your lab notebook. [4-OVERMED]
3.3.1. Talent places tape measure next to table to measure height of projectile.
3.3.2. Show bottom end of tape measure on floor.
3.3.3. Show tape measure next to launcher muzzle, talent indicates correct height with tip of pencil.
3.3.4. Talent records the value in a notebook.

3.4. Turn on the photogate timer [1-CLOSE] and set it in “pulse” mode. [2-CLOSE] Press “reset” to clear any data that might already be present. [3-CLOSE]
3.4.1. Talent turns on timer.
3.4.2. Talent presses the button for pulse mode.
3.4.3. Talent presses the reset button.

3.5. The launcher used here has three different setting points at which the ball can click into place. [1-CLOSE] For this portion, we suggest using a rod or dowel to push the projectile into the second, “medium-range” setting, [2-CLOSE] but the lower setting can be used if lab space is limited.  [3-CLOSE]
3.5.1. Talent uses rod to push through all three settings (clicks should be audible) without projectile, and releases the spring by pulling the string at the end of narration.
3.5.2. Talent uses rod to make two clicks, and releases spring by pulling string.
3.5.3. Talent uses rod to set the spring at one click.

3.6. With the launcher held securely in place [1-CLOSE] and the projectile inside the launcher [TEXT: DO NOT LOOK INTO LAUNCHER], [2-CLOSE] pull the string to trigger the launch. [3-WIDE/SLOW] Pull the string outward from the launcher, with a smooth motion. [4-CLOSE] Record the value on the timer, [5-CLOSE] in your lab notebook. [6-OVER MED]
3.6.1. Talent wiggles launcher to demonstrate that the tape is holding it firmly in place.
3.6.2. Talent drops the projectile into the launcher.
3.6.3. 12 Talent pulls string, and projectile travels to the ground. Videographer: Please take a slow-motion shot.
3.6.4. Show talent again pulling the string in a smooth motion (reset the projectile and string first).
3.6.5. Show shot of timer reading.
3.6.6. Show talent writing in their lab notebook.

3.7. Repeat the steps involved in measuring the speed of the projectile four more times. [1-MED] Press “reset” on the photogate timer between each trial, [2-CLOSE] insert the projectile into the launcher’s “medium” position, [3-CLOSE] check to see that the launch path is not obstructed by any persons or object, [4-OVER MED] and pull the string the trigger the launcher. [5-MED] Record the resulting times in your lab notebook. [6-OVER MED] If the launcher becomes displaced during the process, [7-CLOSE] be sure to return it to the same launch angle and muzzle height before taking additional data. [8-MED]
3.7.1. Talent is shown pulling the string four times in quick succession.
3.7.2. Talent presses the reset button.
3.7.3. Talent uses the rod to set the projectile to two clicks.
3.7.4. Talent looks ahead and confirms there are no obstructions.
3.7.5. Talent pulls string to launch projectile.
3.7.6. Talent records value in lab notebook.
3.7.7. Talent shoves projectile launcher so that the muzzle becomes slightly angled up.
3.7.8. Talent returns the launcher to the same launch angle and muzzle height, and verifies the angle and height.

3.8. From each time recorded from the photogate, [1] use this equation to [2] compute the associated horizontal launch velocity and record it. [3] From your five measurements of the initial velocities, compute the average initial velocity, [4] and record it in your lab notebook. [5]
3.8.1. See Storyboard

3.9. Take the average launch velocity computed above to represent the typical horizontal launch velocity, [1] and use this equation to predict the distance that the projectile will travel before hitting the ground. [2]
3.9.1. See Storyboard

3.10. Using a tape measure, [1-MED] take the initial position to be the front lower edge of the launcher muzzle, [2-MED] and measure out the predicted distance. [3-MED] Mark an “x” on the ground with tape at the position which represents the predicted distance. [4-CLOSE] Use a table, or protractor to insure that you are measuring along a line parallel to the launcher [5-OVER MED] and perpendicular to the launcher base. [6-OVER MED]
3.10.1. Talent places tape measure on floor.
3.10.2. Talent aligns bottom of tape measure with muzzle of launcher.
3.10.3. Talent extends the tape measure out from the launcher to the predicted distance (1.54 m). (Note: a second person is needed to hold one end of the tape measure and keep it lined up with the launcher).
3.10.4. Talent marks an “x” at 1.54 m.
3.10.5. Talent holds a protractor along the tape measure and launcher to show they are parallel.
3.10.6. Talent holds protractor along the launcher base and tape measure to show they are perpendicular.

3.11. Check that your launcher is still in its initial position and orientation. [1-CLOSE] Load the projectile into the launcher. [2-CLOSE] Then check that no person or object is along the path of the projectile, and trigger the launcher. [3-OVER MED] Observe carefully the position at which the ball strikes the floor, [4-CLOSE] and record your best estimate of how close the ball landed to your prediction. [5-OVER MED] If the ball strikes the ground significantly to the left or right of your prediction point, [6-CLOSE] re-measure the distance to your tape mark, [7-WIDE] taking care that you are measuring in the direction that the projectile will actually travel. [8-OVER MED] 
3.11.1. Talent runs hand along launcher showing it is horizontal, and down to the table indicating it is near the edge.
3.11.2. Talent loads projectile and presses it in two clicks with the rod
3.11.3. Talent looks out and sees nothing in the way.
3.11.4. Show ball striking near the “x” (this does not have to be the x marked previously if the ball lands in a different spot while filming)
3.11.5. Talent records value in notebook
3.11.6. Ball is shown bouncing at least 6 inches to the left of the “x” (you can just drop the ball from out of frame).
3.11.7. Talent re-extends the tape measure while it is held at the other end.
3.11.8. Talent checks to see that the tape measure is in line with the launcher from the “x” mark.

3.12. Next, move the launcher from the table to the ground, [1-WIDE] and secure it to the ground with some tape. [2-MED] Mark the perimeter of the launcher base, so that it can be replaced in the same position if displaced. [3-CLOSE] It may also be necessary to hold the launcher base in place with a hand or foot during the launch. [4-MED]
3.12.1. Talent moves the launcher from the table and places it on the ground.
3.12.2. Talent tapes down stand to the floor.
3.12.3. Talent places some pieces of tape marking the outside edge of the launcher base.
3.12.4. Talent holds base down with their hand while pulling the string and launching a projectile.

3.13. Choose and measure a launch angle by setting the launcher to aim at some angle above the horizontal. [1-MED] We recommend something in the range of 40-60 degrees, [2-CLOSE] or an angle appropriate for your lab space. [3-CLOSE] Measure the angle as accurately as possible, preferably to within 0.2 degrees. [4-CLOSE] Record this angle in your lab notebook. [5-OVERMED]
3.13.1. Talent moves launcher through its angular range of motion.
3.13.2. Talent stops the launcher at about 42 degrees and tightens it in place.
3.13.3. Talent sets the launcher to a lower angle, about 20 degrees (note: make sure the launcher is back at 42 degrees in the next shot).
3.13.4. Talent holds protractor/plumb bob or digital angle meter on launcher.
3.13.5. Talent writes in lab notebook.

3.14. Place the projectile in the launcher and press it into place with the rod provided until it clicks into the third, “long-range” position. [1-CLOSE] Lower settings can be used if space is limited. [2-CLOSE] Measure the initial height of the projectile by measuring from the floor to the bottom edge of the launcher muzzle. [3-OVER MED] Record this value in your lab notebook. [4-OVER MED]
3.14.1. Talent shown clicking the projectile into the third spot.
3.14.2. Talent shown clicking the projectile into the first spot (note: reset the launcher in between shot 1 and 2)
3.14.3. Talent places tape measure between floor and launcher muzzle.
3.14.4. Talent writes value in lab notebook.

3.15. Re-Measure the distance between the photogates to ensure that it has not changed. [1-MED] Be sure to measure from the front edge of one to the front edge of the other, [2-CLOSE] or from the back edge of one to the back edge of the other. [3-CLOSE] Record this value in your lab notebook. [4-OVER MED]
3.15.1. Talent holds tape measure up against photogates.
3.15.2. Talent holds start of tape measure against front edge of photogate and points to the front edge of the first and second photogate in turn.
3.15.3. Talent holds start of tape measure against back edge of photogate and points to the back edge of the first and second photogate in turn.
3.15.4. Talent records value in their notebook.

3.16. Turn on the photogate timer and set it to “pulse” mode. [1-CLOSE] Press “reset” to clear any data that might already be present. [2-CLOSE] Check to see that the launch path of the projectile is not obstructed by any persons or object. [3-OVER MED] With the launcher held securely in place and the projectile inside it, pull the string to trigger the launch. [4-WIDE] Record the time showing on the timer in your lab notebook. [5-OVER MED]
3.16.1. Talent sets photogate timer to ‘pulse’ mode.
3.16.2. Talent presses ‘reset’ button on photogate timer.
3.16.3. Talent looks out in front of them and sees no obstructions.
3.16.4. Talent holds launcher on ground and pulls the string, firing the projectile.
3.16.5. Talent records value in their lab notebook.

3.17. Repeat this measurement four more times, [1-WIDE] making sure to press “reset” on the photogate timer between each trial, [2-CLOSE] and recording the resulting times in your lab notebook as above. [3-OVER MED] If the launcher becomes displaced during the process, [4-CLOSE] be sure to return it to the same launch angle, location, and muzzle height before taking additional data. [5- MED]
3.17.1. Show talent pulling string and launching projectile four times in quick succession.
3.17.2. Talent presses the ‘reset’ button on the photogate.
3.17.3. Talent records data in their notebook.
3.17.4. Talent moves launcher base to the right or left and moves the angle.
3.17.5. Talent restores launcher to its original angle and its position within the tape marks made previously.

3.18. From each time recorded from the photogate, [1] use this equation to [2] compute the associated launch velocity and record it. [3] From your five measurements of the initial velocities, compute the average initial velocity, [4] and record it in your lab notebook. [5] 
3.18.1. See Storyboard

3.19. Take the average angled launch velocity and launch angle [1] and use this formula to predict the maximum horizontal range of the projectile. [2] Record this value in your lab notebook. [3] Once again take the average launch velocity and launch angle, [4] and use this formula to predict the maximum height of the projectile. [5] Record this value in your lab notebook. [6]
3.19.1. See Storyboard

3.20. Using a tape measure, measure out the predicted range from the ball’s initial position. [1-WIDE] Take this initial position to be the front lower edge of the launcher muzzle. [2-CLOSE] Mark an “x” on the ground with tape at the position which represents the predicted range. [3-CLOSE] Make a similar mark at the halfway point, midway between the initial position and the predicted range. [4-WIDE] As before, make sure to make these measurements parallel to the barrel of the launcher, [5-CLOSE] or perpendicular to the launcher’s base. [6-CLOSE]
3.20.1. Talent extends tape measure from launcher (note: it could be useful to have a second person hold the tape measure).
3.20.2. Talent indicates the start of the tape measure lining up with the edge of the launcher muzzle.
3.20.3. Talent places “x” on ground at 4.33 m mark.
3.20.4. Talent places an “x” on the ground about midway between the launcher and the other “x” (note: place the “x” precisely, since the projectile will have to travel through the hoop later).
3.20.5. Talent indicates with protractor that the tape measure is parallel to the launcher.
3.20.6. Talent indicates with protractor that the tape measure is perpendicular to the launcher base.

3.21. Place the bucket with its base centered at the location of your range prediction. [1-WIDE] Insure that the height of the bucket [2-MED] is nearly the same initial height from which the projectile was launched. [3-MED] If it does not, place some books or other objects underneath until the two agree to within a few centimeters. [4-MED]
3.21.1. Talent places bucket at the 4.33 m “x”.
3.21.2. Talent measures height of launcher with tape measure.
3.21.3. Talent is shown measuring height of bucket with tape measure.
3.21.4. Talent places one or two books under the bucket and measures with the tape measure.

3.22. Next, using a table and table clamp or other support device, [1-OVER MED] set up a two-meter stick [2-MED] so that its base is next to the halfway mark between the launcher and the range prediction. [3-WIDE] Verify that the two-meter stick is aligned vertically with a protractor or plumb bob. [4-CLOSE] Position the floral hoop at the predicted maximum height, [5-CLOSE] and affix with tape. [6-MED]
3.22.1. Talent tightens table clamp to table.
3.22.2. Talent is shown attaching two-meter stick to table clamp.
3.22.3. Wide shot of talent tightening two-meter stick at the half-way point so that launcher and bucket can be seen.
3.22.4. Talent places protractor on table to show that the two-meter stick is perpendicular to the table surface.
3.22.5. Talent points to the edge of the hoop touching the 1.26 m mark.
3.22.6. Talent is shown taping floral hoop to two-meter stick.


3.23. Check once more that the bucket is situated at the location of your range prediction, [1-MED] along a line parallel to the barrel of the launcher. [2-OVER MED] Check once more that the center of your hoop is located above the halfway point of the range, [3-MED] and at the maximum height you predicted. [4-MED] Check that your launcher is still in its initial position and orientation. [5-CLOSE] Load the projectile into the launcher in the same manner as you did during the initial data taking. [6-CLOSE] Finally, check that, other than the bucket and hoop, no person or object is along the path of the projectile. [7-OVER MED] Trigger the launcher, and see whether your predictions about its trajectory are correct. [8-WIDE/SLOW]
3.23.1. Talent is shown measuring out to the bucket and checking the tape measure.
3.23.2. Talent looks along line back at launcher.
3.23.3. Talent is shown measuring out to the two-meter stick and checking the tape measure.
3.23.4. Talent is shown measuring from the floor to the hoop and checking the tape measure.
3.23.5. Show launcher and the tape marks made earlier to record its location.
3.23.6. Show projectile being dropped into launcher and talent using rod to click it into the 3rd, long range, position.
3.23.7. Talent is shown looking out towards the bucket and seeing no obstructions.
3.23.8. Talent pulls the string and the projectile passes through the hoop and into the bucket. (Note: the bucket and hoop will probably have to be adjusted slightly for this to work.  Numbers stated here are meant to match with supplied sample data). Videographer: Please take a slow-motion shot.

3.24. Record whether or not the projectile traveled through the center of the hoop, [1-CLOSE] and the bucket. [2-CLOSE] Also record your best estimate of how close [3-CLOSE] or far from the center you projectile is. [4-CLOSE]
3.24.1. Show projectile passing through hoop (Note: you can toss the projectile through if equipment is not cooperating).
3.24.2. Show projectile falling into bucket (Note: you can toss the projectile in if equipment is not cooperating).
3.24.3. Show projectile dropping right into the center of the bucket (Note: you can toss the projectile in if equipment is not cooperating).
3.24.4. Show the projectile dropping right on the edge of the bucket, but still going in. (Note: you will probably have to toss the projectile into the bucket to get it to fall obviously off-center).

3.25. Now repeat the experiment, choosing a significantly different launch angle. [1-WIDE] Choose a launch angle that differs from your first one by at least 10 degrees. [2-CLOSE] 
3.25.1. Talent is shown retrieving projectile from bucket and walking back to the launcher.
3.25.2. The launcher is shown being changed to an angle of 54.4 degrees.

3.26. Then repeat the process to measure the initial velocity. [1-WIDE] Use the initial velocity to calculate the range [2-OVER MED] and maximum height of the projectile. [3-OVER MED] Then reposition your bucket and hoop so that the center of your bucket is at the expected range, [4-WIDE] and your two-meter stick is halfway between the launcher and your bucket. [5-WIDE] Adjust the hoop so that its center is at the predicted maximum height. [6-CLOSE] 
3.26.1. Show talent pulling the string and firing the projectile.
3.26.2. Show talent punching in numbers in a calculator.
3.26.3. Show talent writing in their notebook.
3.26.4. Show talent with measuring tape, repositioning bucket about one foot closer to the launcher.
3.26.5. Talent repositions table clamp so that two-meter stick is halfway between launcher and bucket.
3.26.6. Hoop is repositioned at 1.73 m

3.27. Check that there are no people or obstructions in the projectile’s path [1-OVER MED] and that the projectile is at the same setting as you used to measure the initial velocity. [2-CLOSE] Pull the string and record whether or not the projectile passed through the hoop and landed in the bucket. [3-WIDE] Also record your best estimate as to how near the projectile came to the center. [4-OVER MED]
3.27.1. Talent is shown looking ahead and seeing no obstructions.
3.27.2. Projectile is shown being loaded into the launcher and pushed into the 3rd, long range, setting with the provided rod.
3.27.3. Talent pulls string, and projectile again travels through hoop and into bucket.
3.27.4. [bookmark: _GoBack]Talent is shown looking at hoop, and then writing values in notebook.

4. Results:
4.1. At this point you have measured the distance traveled [1] for a projectile that started from an initial height [2] and was shot at zero angle. [3] You have also measured the distance traveled [4] and the maximum height [5] for a projectile that starts and ends at the same height [6] and is shot at an angle. [7] You will now analyze the error in your measurements [8] in order to compare your results to the equations of projectile motion. [9]
4.1.1. See Storyboard

4.2. You made a conservative estimate of the error in your calculation during the lab. [1] That is the radius of the bucket for the range estimate, [2] and the radius of the hoop for the max height estimate. [3] If the projectile passed through the hoop [4] and landed in the bucket [5] then your calculation and measurement agreed to within the uncertainty of the experiment. [6] However, we can obtain a better estimate [7] of how small your hoop and bucket [8] could be from the accuracy of your data. [9]
4.2.1. See Storyboard

4.3. Use this formula to calculate the uncertainty in your horizontal launch calculation. [1] Obtain an estimate of the error in your velocity [2] from the standard deviation of your measurements, [3] and an estimate of the uncertainty in you launch height [4] from the smallest spacing on your tape measure. [5] Calculate the error in the range, and compare it to how close your projectile landed to the “x”. [6] 
4.3.1. See Storyboard

4.4. [bookmark: _gjdgxs]The uncertainty for the angled launches is more complicated. [1] We will calculate it in terms [2] of an uncertainty due to angle [3] and one due to velocity. [4] The uncertainty due to velocity can be calculated from error propagation rules using this formula. [5] Calculate the uncertainty from your velocity equation and enter it in the table. [6] 
4.4.1. See Storyboard

4.5. A formula like what we have been using is inaccurate for the angle calculation. [1] So calculate the range for angles above [2] and below what you measured for your experiment [3] and take the difference. [4] Obtain the uncertainty in the angle from half of the smallest spacing on your protractor [5], or the stated precision of your digital angle measure. [6] Use this to calculate the uncertainty due to angle. [7] 
4.5.1. See Storyboard

4.6. Then combine these two uncertainties [1] to get a total uncertainty for the ranged measurement. [2] 
4.6.1. See Storyboard

4.7. The uncertainty for the maximum height follows a similar procedure. [1] Use this formula for the uncertainty due to velocity [2], then calculate the maximum height for an angle a bit higher and lower and take the difference. [3] This will be the uncertainty from angle. [4] Combine the two uncertainties to get an uncertainty for your maximum height. [5]
4.7.1. See Storyboard

4.8. Twice the value of these uncertainties represents [1] an estimate of the minimum radius for your hoop or bucket. [2]
4.8.1. See Storyboard
