
ABRHS PHYSICS (H)  NAME: ____________________ 
Unit 2:  Two-Dimensional Motion 

Text: 
Chapter 3:  (This is a review of the math you need to be able to do.) 
Chapter 4: 
 
Questions (p. 76-77):  2, 6, 9, 10, 12 
 
Problems (p. 77-86): 

#1:  equations of motion, vector form:  1, 5, 6, 10, 17, 20 
#2:  uniform circular motion:  57, 59, 62, 63, 66, 68 
#3:  relative motion:  69, 70, 76, 78, 79 
#4:  projectile motion 1:  21, 23, 24, 26, 27, 29, 30 
#5:  projectile motion 2:  35, 39, 42, 44, 50, 52 

 
 
Vocabulary: 
vector, scalar, component, unit vector, magnitude, direction, resultant vector, centripetal 
acceleration, reference frame, inertial reference frame, range 
 
 
Math: 
definitions: no new definitions 

 
derived formulas: 

ac =
v2

r
 

 

R = v 2 sin2!
g

 

 
skills: right triangle trigonometry 
 
 
Key Objectives: 
• be able to convert vectors between unit-vector form, component form, graphical form and 

magnitude/direction. 
• be able to add and subtract vectors in any form. 
• be able to apply the equations of motion to vectors. 
• be able to solve a variety of word problems concerning projectile motion, circular motion, 

and relative motion. 
• be able to describe what happens to position, velocity and acceleration for projectiles. 
• be able to describe the effects of air resistance on a projectile. 
• be able to describe what happens to position, velocity and acceleration for an object that 

is traveling in a circle (at both constant speed and varying speed.) 
• be able to sketch vectors representing position, velocity and acceleration for any given 

situation. 
• given sketches of the paths of projectiles, be able to make qualitative statements 

comparing the projectiles (e.g. which projectile was in the air the longest) 
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Generic Vector Problems

side 1

1. A small child is lost in the woods.  From his initial starting point, he wanders 500 m east, then 200
m north, then 200 m east then 600 m south then 300 m west.
a. Graphically represent his wanderings to find his final displacement vector.

b. Algebraically calculate his final displacement vector (unit vector form.)

c. Algebraically calculate the magnitude and direction of his displacement vector.

2. Vector A is 5i +  8j – 7k and vector B is 3i – 4j + 2k.

a. What is   

! 

A  +   

! 

B ?

b. What is   

! 

A  –   

! 

B ?

c. What is 3  

! 

A ?

d. What is the magnitude of   

! 

B ?  (usually written as |  

! 

B |, or simply B)

3. A ball is thrown with an initial velocity of 30 m/s at an angle of 35º up from the horizontal.
a. What is this velocity in unit-vector form?

b. If you added a velocity of 40 m/s straight down (–40j), what is the final velocity?

4.  Add these vectors.  Clearly mark the resultant vector.
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Generic Vector Problems
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5. A car’s velocity vector is given by 30i + 40j.  Give a vector that has the same magnitude, but is
perpendicular to the first vector, and in the i-j plane.

6.  Sketch each of the following vectors and give it in magnitude and direction form.
a.  5i + 10j b.  –6i + 8j c.  300i + 100j d.  45i – 23j

7.  Sketch each of the following vectors and give it in unit-vector form.
a.  250 m/s @ 30º b.  17 m/s2 @ 120º c.  5 m @ –65º d.  75 m/s @ 200º

8. What are the properties of two vectors a and b such that
a. a + b = c and a + b = c;

b. a + b = a – b;

c. a + b = c and a2 + b2 = c2?

9. Prove the Pythagorean Theorem.  (On separate sheet of paper.)

10. Prove the Law of Cosines. (On separate sheet of paper.)

Answers:

1 b) 400i – 400j c)  566 @ –45º 2. a)  8i + 4j – 5k b) 2i + 12j – 9k c) 15i + 24j – 21k   d)

5.39 3 a) 24.6i + 17.2j m/s b) 24.6i – 22.8j 5) –40i + 30j 6 a) 11.2 @ 63.4º

b) 10 @ 127º c) 316 @ 18.4º d) 51 @ –27º                 7 a) 217i + 125j m/s    b) –8.5i + 14.7j m/s
2

c) 2.1i – 4.5j m d) –70.5i – 25.7j m/s 8 a) a || b b) b = 0 c) a ! b
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Vector Problems

Side 1

1. A bird has a velocity of 15i – 7j m/s.  What is its speed and direction?

2. A tennis ball hits a wall with a velocity of 35 m/s at an angle of 25º above the horizontal.  What is
its velocity in component form?

3. The initial position of a dancer is –6i + 12j.  The dancer travels for 15 seconds, and has a final
position of 4i + 18j.
a. What was the displacement vector?  (Worded another way, what was the change in position?)

b. What was the average velocity of the dancer?

4. A pool ball bounces off the side of the pool table as
shown.  If vi = vf = 5 m/s and !i = !f = 30º,

a. In unit-vector form, what is the change in
velocity of the pool ball?

b. Draw a vector diagram showing !v.

5. Another pool ball hits the side of the table.  Its final velocity is 4 m/s at an angle of 25º, as shown
in the diagram above.  If its change in velocity was –1i +4j m/s, what was the ball’s initial
velocity?

6. A plane is flying due north at 100 m/s.  It makes a nice smooth turn, ending with a final velocity
of 100 m/s due east.
a. What was its change in velocity?

VfVi

i f
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b. If the turn took 30 seconds, what was the average acceleration of the plane?

7. A soccer ball is kicked with an initial velocity of 25 m/s at an angle of 70º above the horizontal.
a. What is its initial velocity in component form?

b. If it undergoes a constant acceleration of 0i – 10j m/s2 for 3 seconds, what is its final velocity?

8. If in question 4, the ball was in contact with the side of the table for only 0.05 seconds, what was
the average acceleration of the ball?

9. The position as a function of time for a mouse is given by r(t) = (3t)i + (0.5t2)j.
a. At time t = 3, where is the mouse?

b. What is the function that would represent the velocity of the mouse?

c. What is the function that would represent the acceleration of the mouse?

Answers:

1)  16.6 m/s @–25° 2)  31.7i + 14.8j m/s 3 a)  10i + 6j m b)  0.67i + 0.4j m/s

4 a)  0i + 5j m/s 5)  4.63i – 2.31j m/s 6 a)  100i – 100j m b)  3.3i – 3.3j m/s
2

7 a)  8.55i + 23.49j m/s b)  8.55i – 6.51j m/s 8)  0i + 100j m/s
2

9 a)  9i + 4.5j m b)  v(t) = 3i + tj c) a(t) = 0i + 1j
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Introduction
By definition, an object that has a changing velocity is accelerating.  So far we have dealt
with situations in which acceleration meant changing speed, but not changing direction, or
perhaps changing both speed and direction (i.e. projectile motion.)  It is very possible to
change your direction, but not your speed.  Acceleration in this case is given the name
centripetal acceleration.

Centripetal acceleration is the name given to an acceleration that only changes an object’s
direction of travel, but not its speed.  This happens any time that an object’s acceleration is
perpendicular to its velocity.  If an object has an acceleration of constant magnitude that is
always perpendicular to its velocity, the object will travel in a circle with a constant speed.
The equation

a
c
=
v
2

r

relates the magnitude of the acceleration (ac) to the object’s speed (v) and radius (r) of the
circle.

Derivation of Equation
Diagram 1 below represents an object traveling counter-clockwise around a circle.  It is
traveling with a constant speed of V around a circle of radius R.  An initial position and
velocity are shown.  Some time later, the “final” position and velocity are shown.  The
velocity vector will always be perpendicular to the position vector.

From this diagram, we can make two other diagrams, one for the position vectors (diagram
2), the other for the velocity vectors (diagram 3.)  In both diagrams, the difference between
the final and initial vectors is shown.  These are similar triangles, so we can say

!V

V
=
!R

R

This is a scalar equation based on the magnitudes of the vectors drawn in the two vector
diagrams.  !V is the magnitude of the change in velocity, V is the speed, !R is the magnitude
of the change in position, and R is the radius.

R i

R f
!R

!V

Vi

Vf

diagram 1 diagram 2 diagram 3

R i

R f
Vi

Vf
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We can say that the magnitude of the change in position is equal to the speed times time:

!R = V!t

This is true only if we take the limit as !t approaches 0.  (V!t is actually equal to the arc
length that the object travels in !t time.  !R is the length of the chord that connects the
initial and final positions.  As !t gets smaller, the chord length gets closer to the arc length;
and are equal in the limit as !t approaches zero.)

We can now say
!V

V
=
V!t

R
as long as !t" 0

Which we can re-write as

!V

!t
=
V
2

R

So we can say

lim!t" 0

!V

!t
=
V
2

R

a
c
=
V
2

R

Where ac is the centripetal acceleration.  It is important to remember that this is a scalar,
not a vector, equation.  This equation tell us the magnitude of the acceleration, but not the
direction.

To get the direction of the acceleration, we need to know the direction of the change in
velocity.  Looking back at our original velocity vector diagram, we can see that we have an
isosceles triangle.  Our equation was valid in the limit of !t approaching zero.  This means
our diagram shows an isosceles triangle, with the angle ! approaching zero.  Therefore, the

other angles in the triangle approach 90º; the instantaneous direction of !V is towards the
center of the circle.
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1. You are really bored and driving around in circles of radius 25 meters with a constant speed in a
parking lot.  If your acceleration is 5 m/s2, how fast are you going?  How many rpm is that?

2. The moon is 60 earth radii away and takes 27.3 days to go around the earth once.  What is the
acceleration of the moon.  (The radius of the earth is 6400 km.  Assume it is a circular orbit.)

3. A centrifuge spins a suspension at 2500 rpm in a radius of 20 cm.  What is the acceleration of
the suspension?

4. Imagine a space station that is shaped like a big spinning donut with a radius of 250 meters.
With how many rpm should the station spin if the acceleration at the outer edge is 1 “g”?

5. An object is on a rotating platform that has a constant period of T.  (That means the time to
rotate once is T.)  Derive an expression for the acceleration of the object as a function of its
distance from the center of the rotating platform.  What would a graph of acceleration vs. radius
look like?
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6. Here in Acton, we are at about latitude 42º.  What is our centripetal acceleration because of the
rotation of the earth?  (Be careful with the direction of the acceleration!)

7. For an object moving in circles with constant speed, what would a graph of acceleration vs.
radius look like?  (Note: this is different from #5!)

8. For an object moving in a circle with constant radius, what would a graph of acceleration vs.
speed look like?

9. Imagine you did an experiment to investigate the relationship between acceleration and radius
for an object moving in circles with a constant speed.  What would you have to graph to get a
linear relationship?  What would the slope of that line represent?

Answers:

1)  11.2 m/s; 4.3 rpm 2) 0.0027 m/s2; to center of earth 3) 13,700 m/s2; to center 4) 1.9 rpm

5) a = (4!2/T2)r; linear graph, slope = 4!2/T2 6) 0.025 m/s2; to rotation axis (NOT to center of earth!)

7) a ! 1/r 8) a ! v2 9) a vs. 1/r would be linear with a slope = v2
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1. The pilot of a plane points her airplane due South and flies with an airspeed of 100 m/s.
However, there is a steady wind blowing due West with a constant speed of 40 m/s.
a. What is the resultant velocity of the airplane?  (This would be the plane’s velocity with

respect to the ground.)

b. After one hour, where is the airplane in relation to its starting point?

c. If the pilot wanted the plane to fly due south with respect to the ground, in what direction
should she point the plane?  (Assume the speed of the plane with respect to the air is still
100 m/s.)

d. Using your answer from part c, how fast is the plane moving with respect to the ground?

2. A plane has a velocity of 80 m/s at an angle of 30º (North of East) with respect to the ground.
The plane is flying in a wind with a velocity of 35 m/s NW with respect to the ground.  What is
the velocity of the plane with respect to the air?

3. A swimmer can swim with a speed of 5 m/s in a pool; that is her speed with respect to the
water.  This same swimmer is now at a river, which has a current flowing to the East with a
constant speed of 3 m/s (that is the velocity of the water with respect to the ground.)  Assuming
her water speed is always 5 m/s,
a. What would be her resultant velocity if she tries to swim due east, with the current?  (This

would be her velocity relative to someone on the riverbank waiting for her.)

b. What would be her resultant velocity of she tries to swim due West, against the current?
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c. What would be her resultant velocity if she points herself due North, straight across the
river?

d. If the river is 30 meters wide, how long will it take her to reach the other side of the river, if
she points herself due North?

e. How far down stream will she be?

f. In what direction must she point herself so that her resultant velocity is due North, straight
across the river?

g. How fast is she going with this velocity (from part f)?

h. If the river is 30 meters wide, how long will it take her to cross the river (from part f)?

i. What must she do if she wanted to cross the river in the least amount of time?  What is that
time?

Answers:

1. a) –40i – 100j m/s  (or 108 m/s @ 21.8º W of S) b) –144i – 360j km c) 23.6º E of S (or –66.4º)

d) 91.7 m/s 2) 94i + 15j m/s 3. a) 8i m/s b) –2i m/s c) 3i + 5j m/s d) 6 s e) 18 m

f) 36.9º W of N (or 126.9º) g) 4 m/s h) 7.5 s i) part c! so 6 seconds
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In each of these problems, unless otherwise noted, use !g! = 10 m/s2.  Ignore air resistance.

1. A ball rolls off the edge of a table.  It has an initial horizontal velocity of 3 m/s and is in the air
for 0.75 seconds before hitting the floor.
a. How high is the table?

b. How far away from the edge of the table does the ball land?

c. What are the horizontal and vertical components of the ball’s velocity when it lands?

d. What is the magnitude and direction of the ball’s velocity when it lands?  Give the angle as
the number of degrees below the horizontal.

2. The Coyote is chasing the Road Runner when the Road Runner suddenly stops at the edge of a
convenient cliff.  The Coyote, traveling with a speed of 15 m/s, does not stop and goes flying off
the edge of the cliff, which is 100 meters high.
a. How long is the Coyote in the air?

b. Where does the Coyote land?

c. What are the horizontal and vertical components of the Coyote’s velocity when he lands?

d. What is the magnitude and direction of the Coyote’s velocity when he lands?  Give the angle
as the number of degrees below the horizontal.

3. A car full of bad guys goes off the edge of a cliff.  If the cliff was 75 meters high, and the car
landed 60 meters away from the edge of the cliff, calculate the following:
a. The total time the car was in the air.

b. The initial velocity of the car.

c. The final velocity of the car just as it hits the ground.  (Give the components.)

d. The final velocity of the car just as it hits the ground.  (Give the magnitude and direction.)
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Now these include up and down motion!
4. Mary throws a ball to Suzy, who is standing 25 meters away.  Suzy catches the ball from the

same height at which it was thrown.  If the ball was in the air for 4 seconds, calculate the
following:
a. Horizontal velocity.

b. Maximum height of the ball.

c. Initial vertical velocity.

d. The magnitude and direction of the ball’s velocity when caught by Suzy. Give the angle as
the number of degrees below the horizontal.

e. What happens to the components of the velocity and the acceleration as the ball flies
through the air?

5. Larry tosses a volleyball to his wife, Lise, who catches it at the same height from which it was
tossed.  The volleyball travels a horizontal distance of 10 meters, and has a maximum height of
4 meters (above from where it was hit.)
a. How long was the volleyball in the air?

b. What was the initial horizontal velocity?

c. What was the initial vertical velocity?

d. What was the magnitude and direction of the ball’s velocity when caught by Lise. Give the
angle as the number of degrees below the horizontal.

e. What was the acceleration of the volleyball after 1 second?  Give the magnitude and
direction.
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6. A student tosses an eraser to his friend.  The initial velocity of the eraser was 7 m/s at an angle
of 50º above the horizontal.  The friend catches the eraser at the same level from which it was
tossed.
a. What were the initial components of the eraser’s velocity?

b. How long was the eraser in the air?

c. How far apart were the two friends?

d. What was the maximum height of the eraser?

e. What were the  components of the velocity at the top of its flight?

7. A kangaroo is jumping across a field in the outback.  The kangaroo jumps with an initial
horizontal velocity of 8 m/s and an initial vertical velocity of 5 m/s.
a. What was the initial velocity of the kangaroo?  (Magnitude and direction)

b. How long was the kangaroo in the air?

c. What was the maximum height of the kangaroo?

d. What was the horizontal distance of the kangaroo’s jump?

8. An astronaut on the moon tosses a rock with an initial velocity of 3 m/s at an angle of 35º above
the horizontal.  The acceleration due to gravity on the moon is 1.7 m/s2.
a. What are the components of the initial velocity?

b. How long was the rock “in the air?’

c. What was the maximum height of the rock?

d. What was the horizontal distance traveled by the rock?
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Answers:

1. a)  2.81 m

b)  2.25 m

c)  vx = 3 m/s & vy = 7.5 m/s down

d)  v = 8.1 m/s at an angle of 68.2º below the horizontal

2. a)  4.47 s

b)  67.1 m from the base of the cliff

c)  vx = 15 m/s & vy = 44.7 m/s down

d)  v = 47.2 m/s at an angle of 71.5º below the horizontal

3. a)  3.87 s

b)  vx = 15.5 m/s & vy = 0 m/s

c)  vx = 15.5 m/s & vy = 38.7 m/s down

d)  v = 41.7 m/s at an angle of 68.2º below the horizontal

4. a)  6.25 m/s

b)  20 m

c)  20 m/s up

d)  v = 21 m/s at an angle of 72.7º below the horizontal

e)  vx = constant = 6.25 m/s  &   acceleration = constant = 10 m/s2 down   &  vy starts positive 20 m/s (up)

decreases to 0 m/s at top and continues to decrease to -20 m/s (down) when finally caught

5. a)  1.79 s

b)  5.6 m/s

c)  8.9 m/s up

d)  v = 10.5 m/s at an angle of 57.8º below the horizontal

e)  acceleration = gravity = 10 m/s2 down

6. a)  vx = 4.5 m/s & vy = 5.36 m/s up

b)  1.07 s

c)  4.82 m

d)  1.44 m

e)  vx = 4.5 m/s & vy = 0 m/s

7. a)  v = 9.43 m/s at an angle of 32º above the horizontal

b)  1.0 s

c)  1.25 m

d)  8 m

8. a)  vx = 2.46 m/s & vy = 1.72 m/s up

b)  2.02 s

c)  0.87 m

d)  4.97 m
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Projectile on a Hill 

  Side 1 

We have looked at the simple case of a projectile fired across level ground, and you have 

already derived the expression

 

R = v 2

g
sin2!  for the horizontal range of a projectile fired with 

an initial velocity of v at an angle of ! above the horizontal across a flat level field.  From 
that, we showed the angle that will give the maximum range for a given initial speed was 
45º.  Now let’s do a more complicated example. 
 
A projectile is fired with an initial velocity of v at an angle of ! above the horizontal from the 
side of a hill that is sloping down at a constant angle of ", as shown in the diagram below.  
Find an expression for the range down the hill of the projectile, and then find an expression 
for the maximum range of the projectile. 

 
 
The initial velocity would be vcos!i + vsin!j. Let’s call the initial position of the projectile the 
origin, so that the and x and y coordinates of the projectile can be written as: 

 

x = (v cos!)t
y = " 1

2 gt
2 + (v sin!)t

 

 
As the hill is sloping down, the x and y coordinates of where the projectile lands have the 
relationship (calling " a positive number) 

 

y = !x tan"  
 
Combining the two expressions for y gives us 

 

!x tan" = ! 1
2 gt

2 + (v sin#)t  
 
To get rid of time in this expression, use the expression

 

t = x /v cos!  to get 

 

x tan! = 1
2 g

x
v cos"
# 
$ 
% 

& 
' 
( 
2

) (v sin") x
v cos"
# 
$ 
% 

& 
' 
(  

 
Now just do a lot of algebra: 

 

tan! = gx
2v 2 cos2"

# sin"
cos"

gx
2v 2 cos2"

= tan! + sin"
cos"

x = 2v
2

g
tan! cos2" + sin" cos"( )

 

To finally get 

 

x = v 2

g
2tan! cos2" + sin2"( )  
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To find the angle that gives the maximum range, take the derivative and set it equal to zero: 
 

 

dx
d!

= v 2

g
4 tan" cos!(#sin!) + 2cos2!( )

0 = 2v
2

g
(#tan" sin2! + cos2!)

 

 
So that 

 

0 = !tan" sin2# + cos2#
tan" sin2# = cos2#

 

 
Which finally gives 

 

tan2! = 1
tan"

 

 
This will be true if  

 

2! = 90 "#  
 
Giving 

 

! = 90 "#
2

 

 
As a quick check, we know that if " = 0º, then this is a horizontal field, and using the above 
gives us ! = (90-0)/2 = 45º, which we already know to be the correct answer. 
 
In addition, we can also use this to check our expression for x-coordinate we found earlier: 

 

x = v 2

g
2tan! cos2" + sin2"( )  

Substituting in " = 0º, we get 

x = v
2

g
2 tan0cos2! + sin2!( )

= v
2

g
sin2!

 

Which is what we had derived in an earlier class for the range of a projectile across a 
horizontal field. 
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side 1 

Purpose:   1. To analyze the motion of an object moving in a circle at constant speed through the 
use of a digital camcorder. 

 2. To produce position, velocity and acceleration graphs by components. 
 3. To see the relationship between the directions of the r, v, and a vectors for an object 

moving in a circle at constant speed 
 
Procedure: 
Part 1: Getting the Data 

1. A bicycle wheel with a small target taped to its rim and mounted on a stand will be spun and 
videotaped.  This video will be converted into a small computer file, which will be analyzed 
using Logger Pro. 

2. Make sure that the LabPro is NOT plugged into the computer.  Open up Logger Pro.  Under 
Insert, choose Movie....  Choose the correct movie.  It will open up in the middle of the 
screen of Logger Pro. 

3.   Enable video analysis by clicking on the box on the bottom right of the movie that looks 
like the button to the left.  

4.   Set the scale of the movie by clicking on the “Set Scale” button (upper right corner).  You 
can either click and drag across the diameter of the wheel or the radius, and then put in the 
appropriate length. 

5.   Set the origin by clicking on the “Set Origin” button (upper right corner), and then 
clicking on the center of the wheel.  

6.   Now to record the actual position of the target for each frame of the movie, click on the 
“Add Point” button (upper right corner.)  Carefully center the mouse on the target, and click.  
Logger Pro will record the x and y coordinates of the mouse click, and the movie will 
automatically go the next frame.  Do this for each frame of the movie. 

7. To clean up the window, under Page, choose Auto Arrange.  You should now see the 
position vs. time graph on the main screen.  Save your work, just in case. 

 
Part 2: Data Manipulation 

8. Logger Pro will automatically have the position and velocity columns for both the x and y 
components.  You will have to add two new calculated columns to create the acceleration 
graphs for each component.  Label them “X Acceleration” and “Y Acceleration” with the short 
names of “Ax” and “Ay”.  Remember units! 

9. Right now, you have all the motion information by components.  You will have to add three 
more new calculated columns to analyze the magnitudes of the position, velocity and 
acceleration over time.  Label these “Radius,” “Speed” and “Acceleration” and use the short 
names “r”, “v” and “a.” Remember units! 

10. Save your work again, just in case.   
11. On the graph, show “X,” “Y” and “r” by clicking on the vertical axis and choosing “More.”  You 

should have two curves and one horizontal line. 
12. Insert a new graph, and show “Vx,” “Vy” and “v”.  Again, you should have two curves and one 

horizontal line.  Auto Arrange to clean up the window. 
13. Insert a third graph, and show “Ax,” “Ay” and “a”. Again, you should have two curves and one 

horizontal line.  Auto Arrange to clean up the window. 
14. Pick two times when the target is in two different quadrants, and record the components of 

the position, velocity and acceleration.  (The data table is on the other side of the lab.) 
15. Check with your teacher, save your results, and then print the graphs. 

 
Data: 

time (s) X (m) Y (m) Vx (m/s) Vy (m/s) ax (m/s2) ay (m/s2) 
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Calculations:  (Show work here, and record results in the table below.) 
1. In unit-vector form, determine the position, velocity and acceleration vectors for the times 

you have data.  (Actually, there is no work to show on this one, just write them in the table 
below.) 

 
2. For each of the six vectors, calculate the direction of the vector.  Use 0-360º. 

 
 
 
 
 
 

3. For each of the six vectors, calculate the magnitudes of the vectors. 
 
 
 
 
 
 
 

component form magnitude direction component form magnitude direction 

r =  r =  @  r =  r =  @  

v =  v =  @ v =  v =  @ 

a =  a = @ a =  a = @ 

 
Questions:     

1. Where the radius, speed and magnitude of the acceleration constant?  (What were they?) 
 
 
 
 

2. Where the position, velocity or acceleration of the target constant?  Explain. 
 
 
 
 

3. What was true about the relative directions of the position, velocity and acceleration vectors 
as time went on?  What about the magnitudes? 

 
 
 
 

4. In class we derived an equation for centripetal acceleration.  Compare your lab results to this 
equation. 
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Lab 3-2:  Relative Motion

side 1

Purpose: 1. To be able to define a frame of reference.
2. To observe a tennis ball being tossed up and down from multiple frames of reference.
3. To develop notation for velocity addition between different frames of reference.

Volunteers: 1 Tosser 1 Filmer 2 Pushers

Procedure:
1. The volunteers should take a moment to practice moving at constant speed in a  straight line.

The Tosser needs to be able to toss a tennis ball straight up and down and the Filmer needs to
be able to hold the camera steady while someone else pushes them at constant speed.

2. In the charts below, the velocities of the Tosser and the Filmer are given for the Room Reference
Frame.  This is what the class sees.  Turn the camera on, and do each trial listed.  The actual
velocities don’t matter, as long as they are reasonably constant.

3. Once all the trials are done, watch the video for each trial and determine the velocities in the
Camera Reference Frame.  This is conceptual only, so give answers in terms of “v”.  The video
will be shown as a class.

Data:
Part 1: One Person Moving

Room Reference Frame Camera Reference Frame

Room Tosser Camera Room Tosser Camera

Trial 1 0 + v 0

Trial 2 0 – v 0

Trial 3 0 0 + v

Trial 4 0 0 – v

Part 2: Both People Moving

Room Reference Frame Camera Reference Frame

Room Tosser Camera Room Tosser Camera

Trial 5 0 + v + v

Trial 6 0 – v – v

Trial 7 0 – v + v

Trial 8 0 + v – v

Conclusions:
1. In the Room Reference Frame, what was always true about the velocity of the Room?

2. In the Camera Reference Frame, what was always true about the velocity of the Camera?

3. What was always true about the Velocity of the Camera with respect to the Room (VCR) compared
to the Velocity of the Room with respect to the Camera (VRC)?
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Lab 3-2:  Relative Motion

side 2

4. What had to be true for the Tosser to have a velocity of 0 in the Camera Reference Frame?

5. The Tosser always tried to toss the ball straight up and down in their reference frame.  Between
the two reference frames and eight trials, the resulting motion of the tennis was usually that of
a projectile with a parabolic path.
a. What had to be true for the  tennis ball to be going simply up and down in a particular

reference frame?

b. Looking at Part 1, why was the path of the tennis ball always parabolic in the Camera
Reference Frame?

c. How was Part 2 different?

6. It turns out there is a neat, and quick, algebraic relationship between the velocities of objects in
different reference frames.  What is a simple rule that would tell someone how to fill out the
entire Camera Reference Frame chart based on the given Room Reference Frame information?

7. The Room Reference Frame data shows the Velocity of the Tosser with respect to the Room and
the Velocity of the Camera with respect to the Room, called VTR and VCR, respectively.  Come up
with an equation that would give us the Velocity of the Tosser with respect to the Camera, VTC.

8. In general, if we have two reference frames, B and C and we are measuring the velocity of an
object A, what is the relationship between the velocities?

9. In this lab, the video is kind of wobbly because of what we did.  Imagine we did this with real
smooth motions that were really constant velocities against an uniform background.  Would
there be any way to distinguish between the Filmer moving or the Tosser moving?
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Lab 3-3:  Projectile Motion

side 1

Purpose:   1. To examine the motion of a projectile through the use of a camcorder.
2. To produce position and velocity graphs of a projectile’s motion for horizontal and

vertical components.
3. To analyze the motion of the projectile.

Procedure:
1. Two students will be video-taped tossing a tennis ball back and forth.  This video will be

converted into a small computer file, which will be analyzed using Logger Pro.
2. Make sure that the LabPro is NOT plugged into the computer.  Open up Logger Pro.  Under

Insert, choose Movie....  Choose the correct movie.  It will open up in the middle of the
screen of Logger Pro.

3.   Enable video analysis by clicking on the box on the bottom right of the movie that looks
like the button to the left.

4.   Set the scale of the movie by clicking on the “Set Scale” button (upper right corner), then
clicking and dragging across the length of the meter stick on the wall.

5.   Set the origin by clicking on the “Set Origin” button (upper right corner), and then
clicking on the first position of the tennis ball.

6.   Now to record the actual position of the tennis ball for each frame of the movie, click on
the “Add Point” button (upper right corner.)  Carefully center the mouse on the tennis ball,
and click.  Logger Pro will record the x and y coordinates of the mouse click, and the movie
will automatically go the next frame.  Do this for each frame of the movie.

7. To clean up the window, under Page, choose Auto Arrange.  You should now see the
position vs. time graph on the main screen.

8. To add  the velocity vs. time graphs, under Insert, choose Graph.  A floating window will
appear with a new graph in it.  Grab it and drag it to the bottom right part of the window
and then Auto Arrange again to make it look nice with the other graph.

9. Print out two pages.  The first page should have the position vs time and velocity vs time for
the horizontal components, and the second page should have the same for the vertical
components.  Make sure that the graphs are titled, and that any straight lines have the
regression lines drawn through them.  (Hint:  To print both graphs on one page, click on the
data table, and then under File choose Print Graphs .  If one of the graphs is clicked on and
active with a black box around it, then only that graph will print.)

10. Answer the questions on the other side.
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Lab 3-3:  Projectile Motion

side 2

Questions:
1. The graph of horizontal position verses time is a straight line.  Interpret this graph, including

the equation that describes this motion.

2. The graph of horizontal velocity verses time is scattered.  How do you interpret this graph,
taking into account the graph of horizontal position verses time?

3. The graph of vertical position verses time is a curve that is concave down.  What can you
conclude from this?  (Be careful!)

4. The graph of vertical velocity verses time is a straight line.  Interpret this graph, including the
equation that describes this motion.

5. What was the initial velocity of the tennis ball in component form?

6. What was the initial velocity of the tennis ball in magnitude and direction?

7. In general, how would you summarize projectile motion.

8. For an object that is caught at the same height from which it was thrown and ignoring air
resistance
a. what is true about the time needed to go up compared to the time needed to go down?

b. what is true about the initial horizontal velocity compared to the final horizontal velocity?

c. what is true about the initial vertical velocity compared to the final vertical velocity?

d. what is true about the initial and final speeds and initial and final directions?

e. what is its velocity at its maximum height?

f. what is its acceleration initially, at its maximum height and finally?
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Lab 3-4:  Projectile Range 

  side 1 

Purpose: 1. To experimentally determine the initial launch angle that will give the maximum 
range of a projectile with a given initial speed. 

 2. To experimentally determine the relationship between angles that give the same 
range of a projectile with a given initial speed. 

 3. To derive an equation that gives the range of a projectile given a projectiles initial 
speed and launch angle. 

 4. To mathematically derive your experimental results. 
 
Materials:   1 projectile launcher  1 paper strip  1 carbon paper 
  1 meter stick   1 c-clamp 
 

launcher
paper strip, taped to table

 
Procedure:   

1. Clamp the projectile launcher to the end of your lab bench so that it will launch the ball 
bearing down your lab bench from the level of the table top.  (Use the guide on the side of the 
launcher to see the initial launch position.) 

2. Tape a strip of paper to the lab table so that the ball bearing will land on it. 
3. As best you can, fire the projectile and record the range for 5º intervals, from 10º to 85º.  You 

can assume that the angle of 0º will have a range of 0 cm.  Fire the projectile to see about 
where it lands, place the carbon paper at that spot, and relaunch the projectile to measure its 
range.  Try 3 launches per angle. Measure the distances to the average landing spot for each 
angle. 

4. Make a graph of Range vs. Initial Angle.  Don’t print it yet! 
 

Data:   
 

Launch 
Angle 

(º) 

Range 
 

(cm) 

 Launch 
Angle 

(º) 

Range 
 

(cm) 

 Launch 
Angle 

(º) 

Range 
 

(cm) 

90 0  60   30  
85   55   25  

80   50   20  

75   45   15  

70   40   10*  

65   35   0 0 
 
Questions: 
1. Based on your data and graph, what is the relationship for launch angles that will have the same 

range? 
 
 
 
2. Which angle will give the maximum range? 
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Lab 3-4:  Projectile Range 

  side 2 

3. Derive an expression for the range of a projectile, fired with an initial speed v and angle ! over 
flat horizontal area.  (Use g to represent the acceleration due to gravity.)  (Hint: it may help to 
use the trig identity 2sin!cos! = sin(2!)) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Use your expression from number 3 to show how your answer to number 1 is true. 
 
 
 
 
 
 
 
 
 
5. Using your expression from question 3, derive the angle for maximum range. 
 
 
 
 
 
 
 
 
6. Add a new calculated column that is the sine of twice the launch angle.  (Make sure Logger Pro is 

using degrees under “File/Settings for ----.xmbl”)  Insert a second graph in Logger Pro that is 
then range vs sine (2-theta).  Add a regression line, check with your teacher and print. 

 
7. From your data, what is the equation that relates range and launch angle? 
 
 
 
8. From your best fit line, what is the initial speed of the projectile? 
 
 
 
 
 
9. Would your results have been the same if the projectile were fired off a cliff?  Explain. 
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Lab 3-5:  Hit the Bull's Eye

side 1

Purpose:  To determine the initial speed of a projectile launched from a mini-launcher and
then be able to shoot the projectile through a target at the end of the lab bench, and onto a
target on the floor.

Materials:  1 mini-launcher 1 meter stick patience

Procedure:   
1. Until the final testing of the projectile, the projectile must stay over your lab table.

You may launch the projectile, but it must stay on/over the lab table.
2. Determine the initial speed of the projectile from the mini-launcher.  It is up to you

whether you wish to do 1, 2 or 3 clicks.  It is up to you to determine a method for
calculating the initial speed.

3. Do whatever testing and/or calculating you need to accomplish the following:
Launch the projectile from the lab bench so that it passes through a small opening
at a pre-given height on the edge of the lab table and lands on a target that you
placed on the floor.

4. On a piece of whiteboard, neatly show the calculations you did to determine the
launch speed and how you calculated the position of the landing spot.  Be prepared
to explain what you did and why you did it.

5. When you are ready, call your teacher. After satisfactorily explaining your
calculations, you will get a target to tape to the floor.  One try only; your grade is
determined by how close you come to your target.  (If the projectile passes through
the opening, you earn a minimum of 10 points.)

6. If you are dissatisfied with your grade, you may try again.  However, 2 points will be
deducted from your final score (so the maximum you can get this way is 18/20, if you
hit the target.)  The higher score will be recorded.  If there is not enough time in class
to do this, you may come before or after school to do this.

This height given in class

Determine initial position and angle for launch.

Predict landing spot on floor.

Data:
Any data that you feel you need to take, write here.  Keep it neat and organized.

Height of circular opening at end of lab bench: __________
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Lab 3-5:  Hit the Bull's Eye

side 2

Calculations:
Show any calculations you did to determine the initial speed of the projectile, and then show
your calculations to determine where to place the mini-launcher, the initial launch angle and
the target placement from the edge of the lab table.

Initial Speed of Projectile:

Path of Projectile:


