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LAB 4:
PROJECTILE M OTION

A famous illustration from Newton'Brincipia showing the
relationship between projectile motion and orbitaition

|OVERVIEW |

We learned in our study of kinematics that two-disienal motion is a straightforward
extension of one-dimensional motion. Projectildiorounder the influence of gravity is a
subject with which we are all familiar. We leamghoot basketballs in an arc to swish
through the basket or to bounce off the backbdafel learn how to lob in volleyball and
tennis. These are examples of projectile moti®he force of gravity acts in the vertical
direction, and air resistance acts in both thezootal and vertical directions, but we often
neglect air resistance for small objects.

In this experiment we will explore how the motic -

depends upon the body’s initial velocity and elerat 4

angle. Consider a body with an initial spegdat angle \'A

a with respect to the horizontal axis. We analyze an* /
body’s motion in two independent coordinates o w
(horizontal) andy (vertical). [As we are free to choos Yo,

this origin of our coordinate system, we choase0 and
y =0 whent =0 so as to simplify our calculations.]

Figure 1then shows that the components of the velocity
vector along thex— and y —axes are respectively:

Vox =VpCcosa and v, =V, sina (1)
If we neglect air resistance, the only force affertthe motion of the object is gravity,

Figure 1. Velocity vector
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58 Lab 4 — Projectile Motion

which near the Earth’s surface acts purely in tedical direction €, =mg=-mgy).

There is no force at all in the horizontal diregtio

Since there is no horizontally applied force, thexeno acceleration in the horizontal
direction; hence thex—component of the velocity will remain unchangedréfeer”. The
horizontal position of the body is then describgdhz expression for constant velocity:

X(t) = Vg, t = (v, cosa)t )

The force in they (vertical) direction is gravitationK, =-mg). SinceF=ma, a, =-g.
Integrating this with respect to time yields thetieal component of the velocity:

v, (t) =V,, — gt =v,sina—gt. (3)

The vertical component of the position can be ole@i by integrating Eq. (3) with
respect to timd,, yielding the result:

y(t) =Voyt_%gt2 :(vosina)t—%gtz. (4)

We can use these equations to determine the aajedtory of the body in terms of the
and y variables, with no explicit reference to the tirne The equation has a parabolic
form

y=Cx-Cx (5)

where C, =tan (@) and C, = g/2V. cos @ ). We are interested in theeight h and the

range R, the horizontal distance that the projectile traem level ground. We can get the
range from Eqg. (5) by noting that starts at zero wher=0 and is once again zero when

x=R. We obtain (see your textbook for details)
_ Vo sin(2r)
g

Although we won’t measure them in this experimerg,can similarly show that the time
of flight (T ) is given by

R (6)

T:%sin(a) (7

and the maximum heiglit = ymax iS the value oy when the time i9/2. It also occurs
whenvy, = 0. The value off is given by

_vsin® @)
29

We show the trajectory in Figure 2 with the ini@galglea, rangeR, and maximum height
indicated.

h (8)
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|
Figure 2. Projectile trajectory R
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We have prepared an Excel file to help you immensethis experiment. Open
Excel, find the TeachingLabs directory, open 63%d aopen the file
LO4.Projectile Motion. Note at the bottom there are three tabs (catheets).

Table 1-1, Table 1-2, and Table 1-3 for the thnfferdnt measurements you will

be making. You will be entering your data into yledlow background areas. Do

nothing with the other cells, because Excel willtde calculations for you.

[INVESTIGATION 1: MEASUREMENT OF RANGE

You will need the following materials:

* projectile motion apparatus * ndag pad

» optical bench » digital photogate timer
* meter stick * masking tape

o level 3 mtape measure

» spark (pressure-sensitive) paper

Figure 3. Projectile motion apparatus and langiad.

1. Before doing anythindisten while the Instructor goes through a descripbn of the
apparatus and how to level it. It is crucial for the apparatus to be level ou yall not
obtain good results. The wooden table is heavy eeml easily slip during the

measurements.
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After the brief Instructor discussion, familiariz@urself with the apparatus. The

central feature of the setup is a “spring-loaded”guounted on a plate marked in

degrees, as shown in Fig. 3. The plate can beetbtaound a horizontal axis to set the
initial direction of motion: a desired angle cands by loosening the knurled screw
attached to the plate, aligning the required antdek with the horizontal mark on the

stand and then tightening the screw.

The initial speed of the projectile (a steel balin be set to three different values by
drawing back the spring-loaded firing pin untilistlocked in one of the three preset
positions. Notice the cable-release trigger andkemsure that its plunger is fully
withdrawn (this is achieved by pressing on the smiad) near the end of the trigger
cable), then try drawing back the firing pin anstdn to the three distinct “clicks”
corresponding to the three positions. Unfortuyatsbmetimes the cable-release
becomes disconnected, something you want to abemhuse it is difficult to reconnect
it! Press the trigger’s plunger and the pin wiiite”.

Now you can practice launching the projectile: tiferent angles and different
velocities to get a feeling of which angular ramgk land the projectile onto the table.
When doing your measurements, record the landing) gpthe ball on the table by
means of a pressure sensitive paper taped to thel.b®o not tape the paper in
position until you are ready to start your measurerents, because it is expensive,
and we can't afford to waste any

Now you will want to verify that the apparatudesel and that the landing table is at
the same height as the pivot point (which is wiveeebelieve the ball also leaves the
spring). First, place the level on the back @f ¢jun apparatus and, if needed, use the
two screws holding up the apparatus to level theapparatus. Use a meter stick and
the level to make sure that the table top surfa@ the same height as the pivot point
of the angle mark (the timing apparatus can e&slpulled out to see where the pivot
point actually is)and that the table is level. Ask your Instructor &msistance if this
procedure is not cleaiT IS CRUCIAL THAT YOU HAVE DONE THIS
CORRECTLY!

ACTIVITY 1-1:DETERMINING THE INITIAL SPEED

As the final preparation, we want to measure tlitgirspeed of the projectile. As it
leaves the gun, the projectile crosses the ligatrbef two “light bulbs” (actually light
emitting diodes or LEDSs), shining onto two photdgelvhich are connected to a timer
unit. When inpulse mode, the timer will start counting when the fiight beam is
interrupted, and it will keep counting until theeead beam is obscured. Make sure the
timer is set to 0.1 ms resolution and set the laenangle to 0°. This will give you the
best possible time resolution.

Withdraw the firing pin to one of the three posisoand place the ball into the gun. If
the timer is running, press the RESET button. kchauhe ball and use the Styrofoam
cup to catch the ballThe timer will record the time in secondsit took the projectile
to go from the first to the second light. If yoomd the distancel between the two (it
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Lab 4 — Projectile Motion 61

is marked on the apparatus and should be 20 mm);30 determine the average speed
of the ball as it travels between the lights. Withmore knowledge, we assume the

uncertaintyo, indis one half of the least significant digit¢h or 0.5 mm.

d=20+0.5mm

Question 1-1: Can you think of a different way to measure thigal speed? Describe at
least one other method. Discuss among your grdupwe use the procedure suggested
(0° angle) to determine the initial speed. Wribgityconclusions here.

3. You should have the Excel fileD4.Projectile Motion open (see paragraph above) and
make sure you are looking at Table 1-1 (if notehefick on the proper sheet near the
bottom of the screen). Note that even thoughithertis set to 0.1 ms, this refers to its
resolution. The timer still displays in seconds.It is important to work together.
Measure the timet( for at least four trials for each “click” setting One student
should enter the data into the Excel file while dtieer students take the datdake
turns during the lab doing each. Although your iyndata record is in Excel, it is
wise to also write your data into Table 1-1 showrehin the journal in case something
happens to your computer fil€0 not calculate the quantities in Table 1-1 by hash
— Excel does this for you.

4. The Excel file will perform the calculations for yobut it is absolutely necessary that
you understand what is being calculated. You d@k on a given cell in Excel and
look above the column headings to see the fundieng calculated. For example in
cell F5, you will see the following: =AVERAGE(B5:lF2000 This means that we
are finding the average time in seconds betweds Bél and E5 and then converting
the time to milliseconds (ms) by multiplying by I00You should click on each cell in
a row to understand what is being calculated.

For each setting the Excel file calculates the ayertime g = t, Column F), the
standard deviatior, (sigt, Column G), the “standard error in the meéa;) (stan
error mean, Column H), and one-half of the leagtiBcant digit in the timer (0.05 ms,
Column I). Let your uncertainty if (o;), be thelarger of the “standard error in the
mean” or one-half of the least significant digit0® ms) and that is in the next Column
J headed by “largest sigtbar”. In Column M we akte the initial speed, =d /T .

In order to calculate the uncertainty in the velogve need to use the propagation of
errors, because we have uncertainties in bothndisteh and timet. Therefore in
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Columns K and L we find the fractional errors i ttme and distance, respectively.
These values are used to determine the uncertainiglocity given in Column N.
Finally in Column O we find the fractional uncensi in the velocity, which we will
use later to determine the uncertainty in a caliuiaf the range.

Table 1-1 Initial Speed

stand frac | frac uncer | frac
. _ ermor | sig | largest| €fror | error | vel vel | uncer
Position t g, - S '
Click t (s) (ms) (mts) mean | digit | sigtbar | d A g, vel
O; (ms) | (ms) (mis) | (mis)
(ms)
Trial | Trial | Trial | Trial
1 2 3 4
1
2
3

5. Print out one copy of Table 1-1 from Excel fouy group report.

Question 1-2: Look at the function being calculated in cell dféhe Excel file. What
is being calculated? Explain the equation beirgglus

ACTIVITY 1-2:RANGE AS A FUNCTION OF INITIAL ANGLE

For this activity you will choos®ne of the three values of the launch speed and
execute a set of launches for at least five diffevalues of the launch angle: 15°, 30°,

45°,60°, and 75°. We suggest that you take rdagewith the highest initial speed.
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Lab 4 — Projectile Motion 63

Question 1-3: Write down two reasons why it might be best to theehighest speed to
take these data.

Prediction 1-1: Consider a coordinate system where xhand y coordinates are both

zero when the ball passes through the pivot ardslan the top of the landirgpard at
that same level {=0). The ball then starts at =0 and reaches/ =0 again when
landing on the board. The range will simply be theoordinate where it hits. Draw
your gualitative predictions for the trajectory on the followingagh for 18, 3¢, 45,
60, 75° . (These will be lines of motion.Po this before coming to lab. [Qualitative
means do not use actual numbers, but make thettags correct relative to each
other: show which goes highest, which goes furtivaich have the same trajectory,
etc.]

Projectile Motion Trajectory

Prediction 1-2: Draw your theoretical predictions for the ranBeas a function of
the initial anglea on the following graph. (These will be points.owdid a similar
calculation in the prelab. You may include yourtaddere from your prelab
calculation. Do this before coming to lab.
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1.2
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Initial Angle a(degrees)

1. Remove the photogate so that you can more easisure the distances. Turn off the
photogate’s power.

2. For each launch, the range of the projectile wallrbcorded by a dot on the pressure-
sensitive paper. You will notice that even if ykeep the initial speed and inclination
fixed, the landing positions will be spread ovevesal millimeters. The actual range
you will use for plotting your data will be the amge of the measured points. To avoid
confusions due to spurious marks on the paper ddusbounces of the projectile, it is
advisable, first, to label each mark as the balkesat and, second, to perform the
measurements with the longest ranges first. Yahmfor examplegircle each mark
to distinguish it from the newer ones. Do not take data until instructed to do so!
*Ask your Instructor for permission to proceed*.

Question 1-4: Can you determine from the formula given ea(ksy. (6)) which angle
corresponds to the longest range? Explain. Tiaild be your first angle.

3. Record your initial speed: v,: . Enter this speed in Tableofi-2

your Excel file. You may have to click on the catreheet in Excel at the bottom of the
screen.

4. Now take your data for this samag and insert your values into Table 1-2 of the Excel

file. Your TA may have some suggestions as to hownost easily measure the
individual ranges. It is easiest to measure inigeters, and we will convert to meters
in the Excel file. You may want to have one memtfeyour group also include the
range measurements in Table 1-2 of this journaséaurity reasons (what if something
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Lab 4 — Projectile Motion 65

happens to your Excel file?), but it is not reqdirecRemember to work together. One
student can input the data into Excel, while thé&eptstudents perform the
measurementdviove quickly along to take these data.

You do not need to do the calculationsRf g, and o shown in Table 1-2. Excel will

do this for you. We show you Table 1-2 here fappses of knowing what is being done
in your lab.

Table 1-2 Range for each projectile launch

Trial Angle

15° 30° 45° 60° 75°

Range 1 (cm)

Range 2 (cm)

Range 3 (cm)

Range 4 (cm)

Range 5 (cm)

Calculations The calculations below are done for you in Excel

R(m)

T (M)

Stan error meau
o (m)

Rtheory(m)

Question 1-5: Think about your measurement of the range. Hogui@te do you think
that measurement is? At the very most it can bebeiter than you can read the
measurement device (meter stick, tape measuregwdrat) Write below what you think
this limiting measurement value is and enter i ihéble 1-2 and into row 14 of the Excel
file.

Measurement limit:
Explain how you determined this value:
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66 Lab 4 — Projectile Motion

6. For each angle, Excel calculates the average raRgéhe standard deviatiodt, , and
the “standard error in the meaw’,. Let your uncertainty iR be the larger of the

values of either the “standard error in the mearthe value of your measurement limit
from Question 1-5. The uncertaintyRis finally given in Row 15.

Question 1-6: Does it appear from your data that the rangearigrof the angles are about
the same? If so, for which sets of data are th&s?t Discuss. Do you expect any angles to
have the same range? Explain.

7. Look carefully at Table 1-2 in your Excel file teeswhat is being calculated. For
example, the theoretical range is calculated inu@ol J depending on the angles
shown in Column H and the velocity given in Celb.The average experimental
range is determined in Column K. The graph shdwestheoretical rangR plotted
versus sin (@ and is compared with your experimental measurésnerThe theory
calculation depends on the velocity measuremennyade in the previous activity.

Question 1-7: Rieory IS being calculated in column J. Write down tlogiagion used in
terms of parameters (not cell numbers) and explaere the equation comes from.

Question 1-8: Explain what is being calculated in cell D13 @ble 1-2 in Excel. Write
down the equation used in this cell below. Whatatign on page D-6 of Appendix D are
we determining?

8. Print out Table 1-2 in Excel and include the graph wihr report.
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Lab 4 — Projectile Motion 67

9. Try to add “error bars” by hand to the measuredlata on your graph. These should
be short lines of your maximum uncertaintyRnthat extend above and below the data
point. Often these lines have “T” like ends. 3lee next question if you have a
problem.

Question 1-9: Are your uncertainties iR smaller than the size of your data points? If so,

is that good? Explain.

Question 1-10:How well do your measurements agree with your ipteths? Are the
deviations consistent with the accuracy you expegbur measurements? Explain why or
why not. Discuss possible sources of systematizsthat may be present.

ACTIVITY 1-3:RANGE AS A FUNCTION OF INITIAL SPEED

1. Now you want to choose one suitable angle anasare the rang® for each of the
three initial speeds that you determined earl#rite down your chosen angle:

Launch angle:

Question 1-11: What criteria did you use for choosing your laduangle? Would it be
better to use a shallow or steep angle? Doesttenfar any reason?

2. Take five readings for each of the three initiakexgls. Insert your results into
Table 1-3 of the Excel file. Enter the data intoaeters, and we will convert it to
meters in Excel. As a precaution against losingy ytata, perhaps one student should
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68 Lab 4 — Projectile Motion

write the data in Table 1-3 of this journal, businot required.

3. The Excel file will calculate the average rangeadatd uncertainties as before. This
information is here so you will know what we arerdpin the lab.

4. Excel has plotted your range data verstis The plot also indicates the theoretical
range calculated using the velocities you deterdhiime Activity 1-1 and show in
Table 1-1 of the Excel file. Because there areetmamties in the velocity
measurements (see Columns N and O of Table 1€rg @ire also uncertainties in the
calculation of our theoretical ranges. The errarsbon the theory calculations in
Table 1-3 are reflective of the velocity uncerteiat We do the range theoretical
calculations in Row 13 and determine the uncegamRow 14.

Table 1-3
Range as a Function of Initial Speed

Trial Initial Velocity
1 2. 3:

Range 1 (cm)

Range 2 (cm)

Range 3 (cm)

Range 4 (cm)

Range 5 (cm)

R (m)

gr (M)

Stan error
mearo; (m)
Measurement

limit (m)

I'_'\>(heory (m)

Stan error in
I'_'\>(heory (m)

V2 (m/s¥
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Lab 4 — Projectile Motion 69

Question 1-12: Examine Cell D14 in Table 1-3 of the Excel file.rit& down the equation
in the cell below. What is being calculated? Bkpkach term in the equation.

5. Print out Table 1-3 from Excel and your graph. Add elrars to your range data (if
larger than the data points), and attach the gi@gbur report.

Question 1-13: Do your experimental data agree reasonably wigl your theoretical
predictions? How many of your data points ovestapr theoretical calculation? Is this
what you expect? Do you believe your errors aaissical or systematic? Explain.
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