
Introduction to Mechanics
Projectiles

Launched Horizontally
Launched at an Angle

Lana Sheridan

De Anza College

Feb 12, 2020



Last time

• relative motion problem

• motion in 2D with constant acceleration

• projectile motion

• projectiles launched horizontally



Overview

• projectiles launched horizontally

• projectiles launched at an angle



Another Horizontal Launch Example

A steel ball is fired horizontally at 8.0 m/s from from a 1.0 m-high
table top.

Show that a 20 cm tall coffee can placed on the floor 3.2 m from
the base of the table will catch the ball.

1See Hewitt “Conceptual Physics”, page 192.



Question
A mountain climber leaps horizontally across a crevasse of width
w . The opposite side of the crevasse is lower by a distance h.
Imagine that the climber jumps with the minimum speed necessary
to reach the far side.

If the height h is increased, but the width w remains the same,
does the minimum speed needed to cross the crevasse

EXAMPLE 4–4 Jumping a Crevasse
A mountain climber encounters a crevasse in an ice field. The opposite side of the crevasse is 2.75 m lower, and is separated hor-
izontally by a distance of 4.10 m. To cross the crevasse, the climber gets a running start and jumps in the horizontal direction.
(a) What is the minimum speed needed by the climber to safely cross the crevasse? If, instead, the climber’s speed is 6.00 m/s,
(b) where does the climber land, and (c) what is the climber’s speed on landing?

Picture the Problem
The mountain climber jumps from and The
landing site for part (a) is and Note that the y po-
sition of the climber decreases by h, and therefore 
As for the initial velocity, we are given that and Finally,
with our choice of coordinates it follows that and 

Strategy
We can model the climber as a projectile, and apply our equations for
projectile motion with a horizontal launch.
a. From Equation 4–7 we have that and Setting

determines the time of landing. Using this time in the x equa-
tion gives the horizontal landing position in terms of the initial
speed.

b. We can now use the relation from part (a) to find x in terms of

c. We already know since it remains constant, and we can calculate using (Equation 4–7). With the velocity
components known, we can use the Pythagorean theorem to find the speed.

Solution
Part (a)

1. Set equal to zero (landing condition) and solve 
for the corresponding time t:

2. Substitute this expression for t into the x equation of 
motion, and solve for the speed, 

3. Substitute numerical values in this expression:

Part (b)

4. Substitute into the expression for x
obtained in step 2, 

Part (c)

5. Use the fact that the x component of velocity does not 
change to determine and use to 
determine For note that we choose the minus sign 
for the square root because the climber is moving 
downward:

6. Use the Pythagorean theorem to determine the speed:

Insight
The minimum speed needed to safely cross the crevasse is 5.48 m/s. If the initial horizontal speed is 6.00 m/s, the climber will
land beyond the edge of the crevasse with a speed of 9.49 m/s.
Practice Problem

(a) When the climber’s speed is the minimum needed to cross the crevasse, how long is the climber in the air?
(b) How long is the climber in the air when [Answer: (a)
(c) The times are the same! The answer to both parts is simply the time needed to
fall through a height h; ]

Some related homework problems: Problem 8, Problem 9, Problem 14

t = 22h>g = 0.748 s.
t = x>v0 = 14.49 m2>16.00 m/s2 = 0.748 s.

t = x>v0 = 14.10 m2>15.48 m/s2 = 0.748 s.v0 = 6.00 m/s?
v0 = 5.48 m/s,

4.49 m - 4.10 m = 0.39 m

vy,vy.
vy  

2 = -2g¢yvx,

x = v022h/g:
v0 = 6.00 m/s

v0:x = v0t,

y = h - 1
2 gt2

vy 

2 = -2g¢yvyvx,
v0 = 6.00 m/s.

y = 0
y = h - 1

2 gt2.x = v0t

ay = -g.ax = 0
v0y = 0.v0x = v0

¢y = -h = -2.75 m.
y = 0.x = w = 4.10 m

y0 = h = 2.75 m.x0 = 0
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(A) increase,

(B) decrease, or

(C) stay the same?
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(A) increase,

(B) decrease, or←
(C) stay the same?



Principle Equations of Projectile Motion

(Notice, these are just special cases of the kinematics equations!)

∆x = v0x t vx = v0x v2x = v20x

∆y = v0y t −
1

2
gt2 vy = v0y − gt v2y = v20y − 2g(∆y)



Projectiles Launched at an Angle

4–4 GENERAL LAUNCH ANGLE 89

CONCEPTUAL CHECKPOINT 4–2 Minimum Speed
If the height h is increased in the previous example but the width w remains the same, does the min-
imum speed needed to cross the crevasse (a) increase, (b) decrease, or (c) stay the same?

Reasoning and Discussion
If the height is greater, the time of fall is also greater. Since the climber is in the air for a greater time,
the horizontal distance covered for a given initial speed is also greater. Thus, if the width of the
crevasse is the same, a lower initial speed allows for a safe crossing.

Answer
(b) The minimum speed decreases.

4–4 General Launch Angle
We now consider the more general case of a projectile launched at an arbitrary
angle with respect to the horizontal. This means we can no longer use the simpli-
fications associated with zero launch angle. As always, we return to our basic
equations for projectile motion (Equations 4–6), and this time we simply let be
nonzero.

Figure 4–6(a) shows a projectile launched with an initial speed at an angle
above the horizontal. Since the projectile starts at the origin, the initial x and y

positions are zero:

The components of the initial velocity are determined as indicated in
Figure 4–6(b):

and

As a quick check, note that if then and Similarly, if
we find and These checks are depicted in Figure 4–6(c).

Substituting these results into the basic equations for projectile motion yields
the following results for a general launch angle:

4–10

Note that these equations, which are valid for any launch angle, reduce to the
simpler Equations 4–7 when we set and In the next two Exercises,
we use Equations 4–10 to calculate a projectile’s position and velocity for three
equally spaced times.

EXERCISE 4–1
Aprojectile is launched from the origin with an initial speed of 20.0 m/s at an angle of 35.0°
above the horizontal. Find the x and y positions of the projectile at times (a)
(b) and (c)

Solution

a.
b.
c. Note that x increases steadily; y increases, then 

decreases.
x = 24.6 m, y = 6.17 m.
x = 16.4 m, y = 6.57 m,
x = 8.19 m, y = 4.51 m,

t = 1.50 s.t = 1.00 s,
t = 0.500 s,

y0 = h.u = 0

 y = 1v0 sin u2t - 1
2 gt2  vy = v0 sin u - gt  vy  

2 = v0 

2 sin2 u - 2g¢y

 x = 1v0 cos u2t  vx = v0 cos u  vx 

2 = v0 

2 cos2 u

v0y = v0.v0x = 0u = 90°
v0y = 0.v0x = v0u = 0,

v0y = v0 sin u

v0x = v0 cos u

x0 = y0 = 0

u

v0

u

O

O

O v0x = v0 cos !

! = 0
v0x = v0
v0y = 0

x

y

v0

!

x

y

v0

v0

v0

!

v0y = v0 sin!

x

y

! = 90°
v0x = 0
v0y = v0

(a)

(b)

(c)
▲ FIGURE 4–6 Projectile with an
arbitrary launch angle
(a) A projectile launched from the
origin at an angle above the horizontal.
(b) The x and y components of the initial
velocity. (c) Velocity components in the
limits and u = 90°.u = 0

u
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v0x = v0 cos θ v0y = v0 sin θ



Projectile’s Trajectory

 4.3 Projectile Motion 85

Figure 4.7 The parabolic path 
of a projectile that leaves the ori-
gin with a velocity vSi . The velocity 
vector vS changes with time in 
both magnitude and direction. 
This change is the result of accel-
eration aS 5 gS in the negative  
y direction.

f

x

(x,y)
it

O

y

t21
2 gS 

rS 

vS

Figure 4.8  The position vector 
rSf  of a projectile launched from 
the origin whose initial velocity 
at the origin is vSi . The vector vSit 
would be the displacement of the 
projectile if gravity were absent, 
and the vector 12 gSt 2 is its vertical 
displacement from a straight-line 
path due to its downward gravita-
tional acceleration.

R

x

y

h

i

vy ! 0

i

O

u

vS
!

"

!

Figure 4.9 A projectile launched 
over a flat surface from the origin 
at ti 5 0 with an initial velocity 
vSi . The maximum height of the 
projectile is h, and the horizontal 
range is R. At !, the peak of the 
trajectory, the particle has coordi-
nates (R/2, h).

 In Section 4.2, we stated that two-dimensional motion with constant accelera-
tion can be analyzed as a combination of two independent motions in the x and y 
directions, with accelerations ax and ay. Projectile motion can also be handled in 
this way, with acceleration ax 5 0 in the x direction and a constant acceleration ay 5 
2g in the y direction. Therefore, when solving projectile motion problems, use two 
analysis models: (1) the particle under constant velocity in the horizontal direction 
(Eq. 2.7):

xf 5 xi 1 vxit

and (2) the particle under constant acceleration in the vertical direction (Eqs. 
2.13–2.17 with x changed to y and ay = –g):

vyf 5 vyi 2 gt

vy,avg 5
vyi 1 vyf

2

   yf 5 yi 1 1
2 1vyi 1 vyf 2 t 

 yf 5 yi 1 vyit 2 1
2gt 2

vyf
2 5 vyi

2
 2 2g 1 yf 2 yi 2

The horizontal and vertical components of a projectile’s motion are completely 
independent of each other and can be handled separately, with time t as the com-
mon variable for both components.

Q uick Quiz 4.2  (i) As a projectile thrown upward moves in its parabolic path 
(such as in Fig. 4.8), at what point along its path are the velocity and accelera-
tion vectors for the projectile perpendicular to each other? (a) nowhere (b) the 
highest point (c) the launch point (ii) From the same choices, at what point are 
the velocity and acceleration vectors for the projectile parallel to each other?

Horizontal Range and Maximum Height of a Projectile
Before embarking on some examples, let us consider a special case of projectile 
motion that occurs often. Assume a projectile is launched from the origin at ti 5 
0 with a positive vyi component as shown in Figure 4.9 and returns to the same hori-
zontal level. This situation is common in sports, where baseballs, footballs, and golf 
balls often land at the same level from which they were launched.
 Two points in this motion are especially interesting to analyze: the peak point !, 
which has Cartesian coordinates (R/2, h), and the point ", which has coordinates  
(R , 0). The distance R is called the horizontal range of the projectile, and the distance 
h is its maximum height. Let us find h and R mathematically in terms of vi, ui, and g.

x
vxi

vxi

vy

vy ! 0

vxi

vy

i
vy

vy

i

vxi

y

i

i

u

u
u

u

The y component of 
velocity is zero at the 
peak of the path.

The x component of 
velocity remains 
constant because 
there is no 
acceleration in the x 
direction.

vS

The projectile is launched 
with initial velocity vi.

S

vS
vS

vS

vS

gS 

!

"

# $

%

"
#

$

%

The object would move in a straight line, but the force of gravity
causes it to fall as it moves to the right.

∆r = rf − 0 = vi t +
1

2
at2

1Figure from Serway & Jewett, 9th ed.



Jumping Dolphin, Ex 4-6, pg 94

A trained dolphin leaps from the water with an initial speed of
12.0 m/s. It jumps directly toward a ball held by the trainer a
horizontal distance of 5.50 m away and a vertical distance of
4.10 m above the water.

EXAMPLE 4–6 A Leap of Faith
A trained dolphin leaps from the water with an initial speed of 12.0 m/s. It jumps directly toward a ball held by the trainer a hor-
izontal distance of 5.50 m away and a vertical distance of 4.10 m above the water. In the absence of gravity the dolphin would
move in a straight line to the ball and catch it, but because of gravity the dolphin follows a parabolic path well below the ball’s
initial position, as shown in the sketch. If the trainer releases the ball the instant the dolphin leaves the water, show that the dol-
phin and the falling ball meet.

Picture the Problem
In our sketch we have the dolphin leaping from the water at the
origin with an angle above the horizontal given by

The initial position of the ball is 
and and its initial velocity is zero. The ball
drops straight down with the acceleration of gravity, 

Strategy
We want to show that when the dolphin is at its height
above the water is the same as the height of the ball above the
water. To do this we first find the time when the dolphin is at

then calculate y for the dolphin at this time. Next, we cal-
culate y of the ball at the same time and then check to see if they
are equal.

Since the ball drops from rest from a height h, its y equation of
motion is as in Equation 4–7 in Section 4–3.

Solution

1. Calculate the angle at which the dolphin leaves the water:

2. Use this angle and the initial speed to find the time t when 
the x position of the dolphin, is equal to 5.50 m. 
The x equation of motion is 

3. Evaluate the y position of the dolphin, at 
The y equation of motion is 

4. Finally, evaluate the y position of the ball, at
The ball’s equation of motion is 

Insight
In the absence of gravity, both the dolphin and the ball would
be at and at Because of
gravity, however, the dolphin and the ball fall below their zero-
gravity positions—and by the same amount, 1.60 m. In fact,
from the point of view of the dolphin, the ball is always at the
same angle of 36.7° above the horizontal until it is caught.

This is shown in the accompanying plot, where the red dots
show the position of the ball at 10 equally spaced times, and the
blue dots show the position of the dolphin at the correspond-
ing times. In addition, the dashed lines from the dolphin to the
ball all make the same angle with the horizontal, 36.7°.

Practice Problem
At what height does the dolphin catch the ball if it leaves the water with an initial speed of 8.00 m/s?
[Answer: If the dolphin’s initial speed is less than 7.50 m/s, it hits the water before catching the ball.]

Some related homework problems: Problem 25, Problem 34

yd = yb = 0.493 m.

t = 0.572 s.y = 4.10 mx = 5.50 m

yb = h - 1
2 gt2:

 = 4.10 m - 1.60 m = 2.50 mt = 0.572 s.
 yb = h - 1

2 gt2 = 4.10 m - 1
219.81 m>s2210.572 s22yb,

 = 4.10 m - 1.60 m = 2.50 m

 = [112.0 m/s2 sin 36.7°]10.572 s2 - 1
219.81 m/s2210.572 s22yd = 1v0 sin u2t - 1

2 gt2:
 yd = 1v0 sin u2t - 1

2 gt2t = 0.572 s.yd,

 t = 5.50 m
9.62 m/s

= 0.572 s
xd = 1v0 cos u2t:  = 5.50 mxd,

 xd = 1v0 cos u2t = [112.0 m/s2 cos 36.7°]t = 19.62 m/s2tu = tan-1ah
d
b = tan-1a4.10 m

5.50 m
b = 36.7°

y = h - 1
2 gt2,

x = d,

x = d,

ay = -g.
y0 = h = 4.10 m,

x0 = d = 5.50 mu = tan-11h>d2.x0 = y0 = 0
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O
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WALKMC04_0131536311.QXD  11/16/05  17:57  Page 92

If the trainer releases the ball the instant the dolphin leaves the
water, show that the dolphin and the falling ball meet.



Jumping Dolphin, Ex 4-6, pg 94
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ing times. In addition, the dashed lines from the dolphin to the
ball all make the same angle with the horizontal, 36.7°.

Practice Problem
At what height does the dolphin catch the ball if it leaves the water with an initial speed of 8.00 m/s?
[Answer: If the dolphin’s initial speed is less than 7.50 m/s, it hits the water before catching the ball.]

Some related homework problems: Problem 25, Problem 34

yd = yb = 0.493 m.

t = 0.572 s.y = 4.10 mx = 5.50 m

yb = h - 1
2 gt2:

 = 4.10 m - 1.60 m = 2.50 mt = 0.572 s.
 yb = h - 1

2 gt2 = 4.10 m - 1
219.81 m>s2210.572 s22yb,

 = 4.10 m - 1.60 m = 2.50 m

 = [112.0 m/s2 sin 36.7°]10.572 s2 - 1
219.81 m/s2210.572 s22yd = 1v0 sin u2t - 1

2 gt2:
 yd = 1v0 sin u2t - 1

2 gt2t = 0.572 s.yd,

 t = 5.50 m
9.62 m/s

= 0.572 s
xd = 1v0 cos u2t:  = 5.50 mxd,

 xd = 1v0 cos u2t = [112.0 m/s2 cos 36.7°]t = 19.62 m/s2tu = tan-1a h
d
b = tan-1a4.10 m

5.50 m
b = 36.7°

y = h - 1
2 gt2,

x = d,

x = d,

ay = -g.
y0 = h = 4.10 m,

x0 = d = 5.50 mu = tan-11h>d2.x0 = y0 = 0
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Strategy: We need to show that when the dolphin’s x-coordinate
matches the ball’s x-coordinate, their y -coordinates also match.
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EXAMPLE 4–6 A Leap of Faith
A trained dolphin leaps from the water with an initial speed of 12.0 m/s. It jumps directly toward a ball held by the trainer a hor-
izontal distance of 5.50 m away and a vertical distance of 4.10 m above the water. In the absence of gravity the dolphin would
move in a straight line to the ball and catch it, but because of gravity the dolphin follows a parabolic path well below the ball’s
initial position, as shown in the sketch. If the trainer releases the ball the instant the dolphin leaves the water, show that the dol-
phin and the falling ball meet.

Picture the Problem
In our sketch we have the dolphin leaping from the water at the
origin with an angle above the horizontal given by

The initial position of the ball is 
and and its initial velocity is zero. The ball
drops straight down with the acceleration of gravity, 

Strategy
We want to show that when the dolphin is at its height
above the water is the same as the height of the ball above the
water. To do this we first find the time when the dolphin is at

then calculate y for the dolphin at this time. Next, we cal-
culate y of the ball at the same time and then check to see if they
are equal.

Since the ball drops from rest from a height h, its y equation of
motion is as in Equation 4–7 in Section 4–3.

Solution

1. Calculate the angle at which the dolphin leaves the water:

2. Use this angle and the initial speed to find the time t when 
the x position of the dolphin, is equal to 5.50 m. 
The x equation of motion is 

3. Evaluate the y position of the dolphin, at 
The y equation of motion is 

4. Finally, evaluate the y position of the ball, at
The ball’s equation of motion is 

Insight
In the absence of gravity, both the dolphin and the ball would
be at and at Because of
gravity, however, the dolphin and the ball fall below their zero-
gravity positions—and by the same amount, 1.60 m. In fact,
from the point of view of the dolphin, the ball is always at the
same angle of 36.7° above the horizontal until it is caught.

This is shown in the accompanying plot, where the red dots
show the position of the ball at 10 equally spaced times, and the
blue dots show the position of the dolphin at the correspond-
ing times. In addition, the dashed lines from the dolphin to the
ball all make the same angle with the horizontal, 36.7°.

Practice Problem
At what height does the dolphin catch the ball if it leaves the water with an initial speed of 8.00 m/s?
[Answer: If the dolphin’s initial speed is less than 7.50 m/s, it hits the water before catching the ball.]

Some related homework problems: Problem 25, Problem 34

yd = yb = 0.493 m.

t = 0.572 s.y = 4.10 mx = 5.50 m

yb = h - 1
2 gt2:

 = 4.10 m - 1.60 m = 2.50 mt = 0.572 s.
 yb = h - 1

2 gt2 = 4.10 m - 1
219.81 m>s2210.572 s22yb,

 = 4.10 m - 1.60 m = 2.50 m

 = [112.0 m/s2 sin 36.7°]10.572 s2 - 1
219.81 m/s2210.572 s22yd = 1v0 sin u2t - 1

2 gt2:
 yd = 1v0 sin u2t - 1

2 gt2t = 0.572 s.yd,

 t = 5.50 m
9.62 m/s

= 0.572 s
xd = 1v0 cos u2t:  = 5.50 mxd,

 xd = 1v0 cos u2t = [112.0 m/s2 cos 36.7°]t = 19.62 m/s2tu = tan-1ah
d
b = tan-1a4.10 m

5.50 m
b = 36.7°

y = h - 1
2 gt2,

x = d,

x = d,

ay = -g.
y0 = h = 4.10 m,

x0 = d = 5.50 mu = tan-11h>d2.x0 = y0 = 0
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Make an expression for how long
it takes the dolphin to cover the
horizontal distance to the ball.

d = ∆x = v0,x t

Rearrange for t:

t =
d

v0 cos θ

When t takes this value, the
x-coordinates match. Do the
y -coordinates also match?
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EXAMPLE 4–6 A Leap of Faith
A trained dolphin leaps from the water with an initial speed of 12.0 m/s. It jumps directly toward a ball held by the trainer a hor-
izontal distance of 5.50 m away and a vertical distance of 4.10 m above the water. In the absence of gravity the dolphin would
move in a straight line to the ball and catch it, but because of gravity the dolphin follows a parabolic path well below the ball’s
initial position, as shown in the sketch. If the trainer releases the ball the instant the dolphin leaves the water, show that the dol-
phin and the falling ball meet.

Picture the Problem
In our sketch we have the dolphin leaping from the water at the
origin with an angle above the horizontal given by

The initial position of the ball is 
and and its initial velocity is zero. The ball
drops straight down with the acceleration of gravity, 

Strategy
We want to show that when the dolphin is at its height
above the water is the same as the height of the ball above the
water. To do this we first find the time when the dolphin is at

then calculate y for the dolphin at this time. Next, we cal-
culate y of the ball at the same time and then check to see if they
are equal.

Since the ball drops from rest from a height h, its y equation of
motion is as in Equation 4–7 in Section 4–3.

Solution

1. Calculate the angle at which the dolphin leaves the water:

2. Use this angle and the initial speed to find the time t when 
the x position of the dolphin, is equal to 5.50 m. 
The x equation of motion is 

3. Evaluate the y position of the dolphin, at 
The y equation of motion is 

4. Finally, evaluate the y position of the ball, at
The ball’s equation of motion is 

Insight
In the absence of gravity, both the dolphin and the ball would
be at and at Because of
gravity, however, the dolphin and the ball fall below their zero-
gravity positions—and by the same amount, 1.60 m. In fact,
from the point of view of the dolphin, the ball is always at the
same angle of 36.7° above the horizontal until it is caught.

This is shown in the accompanying plot, where the red dots
show the position of the ball at 10 equally spaced times, and the
blue dots show the position of the dolphin at the correspond-
ing times. In addition, the dashed lines from the dolphin to the
ball all make the same angle with the horizontal, 36.7°.

Practice Problem
At what height does the dolphin catch the ball if it leaves the water with an initial speed of 8.00 m/s?
[Answer: If the dolphin’s initial speed is less than 7.50 m/s, it hits the water before catching the ball.]

Some related homework problems: Problem 25, Problem 34

yd = yb = 0.493 m.

t = 0.572 s.y = 4.10 mx = 5.50 m

yb = h - 1
2 gt2:

 = 4.10 m - 1.60 m = 2.50 mt = 0.572 s.
 yb = h - 1

2 gt2 = 4.10 m - 1
219.81 m>s2210.572 s22yb,

 = 4.10 m - 1.60 m = 2.50 m

 = [112.0 m/s2 sin 36.7°]10.572 s2 - 1
219.81 m/s2210.572 s22yd = 1v0 sin u2t - 1

2 gt2:
 yd = 1v0 sin u2t - 1

2 gt2t = 0.572 s.yd,

 t = 5.50 m
9.62 m/s

= 0.572 s
xd = 1v0 cos u2t:  = 5.50 mxd,

 xd = 1v0 cos u2t = [112.0 m/s2 cos 36.7°]t = 19.62 m/s2tu = tan-1ah
d
b = tan-1a4.10 m

5.50 m
b = 36.7°
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ay = -g.
y0 = h = 4.10 m,

x0 = d = 5.50 mu = tan-11h>d2.x0 = y0 = 0
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How far does the ball fall in this time?

∆y = yb − h = −
1

2
gt2

So the ball’s y -coordinate is:

yb = h −
1

2
gt2

What is the dolphin’s y coordinate?

∆y = yd − 0 = v0y t −
1

2
gt2

The dolphin’s y -coordinate is:

yd = (v0 sin θ)t −
1

2
gt2
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EXAMPLE 4–6 A Leap of Faith
A trained dolphin leaps from the water with an initial speed of 12.0 m/s. It jumps directly toward a ball held by the trainer a hor-
izontal distance of 5.50 m away and a vertical distance of 4.10 m above the water. In the absence of gravity the dolphin would
move in a straight line to the ball and catch it, but because of gravity the dolphin follows a parabolic path well below the ball’s
initial position, as shown in the sketch. If the trainer releases the ball the instant the dolphin leaves the water, show that the dol-
phin and the falling ball meet.

Picture the Problem
In our sketch we have the dolphin leaping from the water at the
origin with an angle above the horizontal given by

The initial position of the ball is 
and and its initial velocity is zero. The ball
drops straight down with the acceleration of gravity, 

Strategy
We want to show that when the dolphin is at its height
above the water is the same as the height of the ball above the
water. To do this we first find the time when the dolphin is at

then calculate y for the dolphin at this time. Next, we cal-
culate y of the ball at the same time and then check to see if they
are equal.

Since the ball drops from rest from a height h, its y equation of
motion is as in Equation 4–7 in Section 4–3.

Solution

1. Calculate the angle at which the dolphin leaves the water:

2. Use this angle and the initial speed to find the time t when 
the x position of the dolphin, is equal to 5.50 m. 
The x equation of motion is 

3. Evaluate the y position of the dolphin, at 
The y equation of motion is 

4. Finally, evaluate the y position of the ball, at
The ball’s equation of motion is 

Insight
In the absence of gravity, both the dolphin and the ball would
be at and at Because of
gravity, however, the dolphin and the ball fall below their zero-
gravity positions—and by the same amount, 1.60 m. In fact,
from the point of view of the dolphin, the ball is always at the
same angle of 36.7° above the horizontal until it is caught.

This is shown in the accompanying plot, where the red dots
show the position of the ball at 10 equally spaced times, and the
blue dots show the position of the dolphin at the correspond-
ing times. In addition, the dashed lines from the dolphin to the
ball all make the same angle with the horizontal, 36.7°.

Practice Problem
At what height does the dolphin catch the ball if it leaves the water with an initial speed of 8.00 m/s?
[Answer: If the dolphin’s initial speed is less than 7.50 m/s, it hits the water before catching the ball.]

Some related homework problems: Problem 25, Problem 34

yd = yb = 0.493 m.

t = 0.572 s.y = 4.10 mx = 5.50 m

yb = h - 1
2 gt2:

 = 4.10 m - 1.60 m = 2.50 mt = 0.572 s.
 yb = h - 1

2 gt2 = 4.10 m - 1
219.81 m>s2210.572 s22yb,

 = 4.10 m - 1.60 m = 2.50 m

 = [112.0 m/s2 sin 36.7°]10.572 s2 - 1
219.81 m/s2210.572 s22yd = 1v0 sin u2t - 1

2 gt2:
 yd = 1v0 sin u2t - 1

2 gt2t = 0.572 s.yd,

 t = 5.50 m
9.62 m/s

= 0.572 s
xd = 1v0 cos u2t:  = 5.50 mxd,

 xd = 1v0 cos u2t = [112.0 m/s2 cos 36.7°]t = 19.62 m/s2tu = tan-1ah
d
b = tan-1a4.10 m

5.50 m
b = 36.7°

y = h - 1
2 gt2,

x = d,

x = d,

ay = -g.
y0 = h = 4.10 m,

x0 = d = 5.50 mu = tan-11h>d2.x0 = y0 = 0
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How far does the ball fall in this time?

∆y = yb − h = −
1

2
gt2

So the ball’s y -coordinate is:

yb = h −
1

2
gt2

What is the dolphin’s y coordinate?

∆y = yd − 0 = v0y t −
1

2
gt2

The dolphin’s y -coordinate is:

yd = (v0 sin θ)t −
1

2
gt2
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EXAMPLE 4–6 A Leap of Faith
A trained dolphin leaps from the water with an initial speed of 12.0 m/s. It jumps directly toward a ball held by the trainer a hor-
izontal distance of 5.50 m away and a vertical distance of 4.10 m above the water. In the absence of gravity the dolphin would
move in a straight line to the ball and catch it, but because of gravity the dolphin follows a parabolic path well below the ball’s
initial position, as shown in the sketch. If the trainer releases the ball the instant the dolphin leaves the water, show that the dol-
phin and the falling ball meet.

Picture the Problem
In our sketch we have the dolphin leaping from the water at the
origin with an angle above the horizontal given by

The initial position of the ball is 
and and its initial velocity is zero. The ball
drops straight down with the acceleration of gravity, 

Strategy
We want to show that when the dolphin is at its height
above the water is the same as the height of the ball above the
water. To do this we first find the time when the dolphin is at

then calculate y for the dolphin at this time. Next, we cal-
culate y of the ball at the same time and then check to see if they
are equal.

Since the ball drops from rest from a height h, its y equation of
motion is as in Equation 4–7 in Section 4–3.

Solution

1. Calculate the angle at which the dolphin leaves the water:

2. Use this angle and the initial speed to find the time t when 
the x position of the dolphin, is equal to 5.50 m. 
The x equation of motion is 

3. Evaluate the y position of the dolphin, at 
The y equation of motion is 

4. Finally, evaluate the y position of the ball, at
The ball’s equation of motion is 

Insight
In the absence of gravity, both the dolphin and the ball would
be at and at Because of
gravity, however, the dolphin and the ball fall below their zero-
gravity positions—and by the same amount, 1.60 m. In fact,
from the point of view of the dolphin, the ball is always at the
same angle of 36.7° above the horizontal until it is caught.

This is shown in the accompanying plot, where the red dots
show the position of the ball at 10 equally spaced times, and the
blue dots show the position of the dolphin at the correspond-
ing times. In addition, the dashed lines from the dolphin to the
ball all make the same angle with the horizontal, 36.7°.

Practice Problem
At what height does the dolphin catch the ball if it leaves the water with an initial speed of 8.00 m/s?
[Answer: If the dolphin’s initial speed is less than 7.50 m/s, it hits the water before catching the ball.]

Some related homework problems: Problem 25, Problem 34

yd = yb = 0.493 m.

t = 0.572 s.y = 4.10 mx = 5.50 m

yb = h - 1
2 gt2:

 = 4.10 m - 1.60 m = 2.50 mt = 0.572 s.
 yb = h - 1

2 gt2 = 4.10 m - 1
219.81 m>s2210.572 s22yb,

 = 4.10 m - 1.60 m = 2.50 m

 = [112.0 m/s2 sin 36.7°]10.572 s2 - 1
219.81 m/s2210.572 s22yd = 1v0 sin u2t - 1

2 gt2:
 yd = 1v0 sin u2t - 1

2 gt2t = 0.572 s.yd,

 t = 5.50 m
9.62 m/s

= 0.572 s
xd = 1v0 cos u2t:  = 5.50 mxd,

 xd = 1v0 cos u2t = [112.0 m/s2 cos 36.7°]t = 19.62 m/s2tu = tan-1ah
d
b = tan-1a4.10 m

5.50 m
b = 36.7°

y = h - 1
2 gt2,

x = d,

x = d,

ay = -g.
y0 = h = 4.10 m,

x0 = d = 5.50 mu = tan-11h>d2.x0 = y0 = 0
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yb
?
= yd

h −
1

2
gt2

?
= (v0 sin θ)t −

1

2
gt2

h
?
= (v0 sin θ)

(
d

v0 cos θ

)
h

?
= d tan θ

h = h X
So,

yb = yd when xb = xd

Yes, the dolphin will be able to catch
the ball.
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EXAMPLE 4–6 A Leap of Faith
A trained dolphin leaps from the water with an initial speed of 12.0 m/s. It jumps directly toward a ball held by the trainer a hor-
izontal distance of 5.50 m away and a vertical distance of 4.10 m above the water. In the absence of gravity the dolphin would
move in a straight line to the ball and catch it, but because of gravity the dolphin follows a parabolic path well below the ball’s
initial position, as shown in the sketch. If the trainer releases the ball the instant the dolphin leaves the water, show that the dol-
phin and the falling ball meet.

Picture the Problem
In our sketch we have the dolphin leaping from the water at the
origin with an angle above the horizontal given by

The initial position of the ball is 
and and its initial velocity is zero. The ball
drops straight down with the acceleration of gravity, 

Strategy
We want to show that when the dolphin is at its height
above the water is the same as the height of the ball above the
water. To do this we first find the time when the dolphin is at

then calculate y for the dolphin at this time. Next, we cal-
culate y of the ball at the same time and then check to see if they
are equal.

Since the ball drops from rest from a height h, its y equation of
motion is as in Equation 4–7 in Section 4–3.

Solution

1. Calculate the angle at which the dolphin leaves the water:

2. Use this angle and the initial speed to find the time t when 
the x position of the dolphin, is equal to 5.50 m. 
The x equation of motion is 

3. Evaluate the y position of the dolphin, at 
The y equation of motion is 

4. Finally, evaluate the y position of the ball, at
The ball’s equation of motion is 

Insight
In the absence of gravity, both the dolphin and the ball would
be at and at Because of
gravity, however, the dolphin and the ball fall below their zero-
gravity positions—and by the same amount, 1.60 m. In fact,
from the point of view of the dolphin, the ball is always at the
same angle of 36.7° above the horizontal until it is caught.

This is shown in the accompanying plot, where the red dots
show the position of the ball at 10 equally spaced times, and the
blue dots show the position of the dolphin at the correspond-
ing times. In addition, the dashed lines from the dolphin to the
ball all make the same angle with the horizontal, 36.7°.

Practice Problem
At what height does the dolphin catch the ball if it leaves the water with an initial speed of 8.00 m/s?
[Answer: If the dolphin’s initial speed is less than 7.50 m/s, it hits the water before catching the ball.]

Some related homework problems: Problem 25, Problem 34

yd = yb = 0.493 m.

t = 0.572 s.y = 4.10 mx = 5.50 m

yb = h - 1
2 gt2:

 = 4.10 m - 1.60 m = 2.50 mt = 0.572 s.
 yb = h - 1

2 gt2 = 4.10 m - 1
219.81 m>s2210.572 s22yb,

 = 4.10 m - 1.60 m = 2.50 m

 = [112.0 m/s2 sin 36.7°]10.572 s2 - 1
219.81 m/s2210.572 s22yd = 1v0 sin u2t - 1

2 gt2:
 yd = 1v0 sin u2t - 1

2 gt2t = 0.572 s.yd,

 t = 5.50 m
9.62 m/s

= 0.572 s
xd = 1v0 cos u2t:  = 5.50 mxd,

 xd = 1v0 cos u2t = [112.0 m/s2 cos 36.7°]t = 19.62 m/s2tu = tan-1ah
d
b = tan-1a4.10 m

5.50 m
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yb
?
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2
gt2

?
= (v0 sin θ)t −

�
��

1

2
gt2

h
?
= (v0 sin θ)

(
d

v0 cos θ
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h
?
= d tan θ

h = h X
So,

yb = yd when xb = xd

Yes, the dolphin will be able to catch
the ball.
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EXAMPLE 4–6 A Leap of Faith
A trained dolphin leaps from the water with an initial speed of 12.0 m/s. It jumps directly toward a ball held by the trainer a hor-
izontal distance of 5.50 m away and a vertical distance of 4.10 m above the water. In the absence of gravity the dolphin would
move in a straight line to the ball and catch it, but because of gravity the dolphin follows a parabolic path well below the ball’s
initial position, as shown in the sketch. If the trainer releases the ball the instant the dolphin leaves the water, show that the dol-
phin and the falling ball meet.

Picture the Problem
In our sketch we have the dolphin leaping from the water at the
origin with an angle above the horizontal given by

The initial position of the ball is 
and and its initial velocity is zero. The ball
drops straight down with the acceleration of gravity, 

Strategy
We want to show that when the dolphin is at its height
above the water is the same as the height of the ball above the
water. To do this we first find the time when the dolphin is at

then calculate y for the dolphin at this time. Next, we cal-
culate y of the ball at the same time and then check to see if they
are equal.

Since the ball drops from rest from a height h, its y equation of
motion is as in Equation 4–7 in Section 4–3.

Solution

1. Calculate the angle at which the dolphin leaves the water:

2. Use this angle and the initial speed to find the time t when 
the x position of the dolphin, is equal to 5.50 m. 
The x equation of motion is 

3. Evaluate the y position of the dolphin, at 
The y equation of motion is 

4. Finally, evaluate the y position of the ball, at
The ball’s equation of motion is 

Insight
In the absence of gravity, both the dolphin and the ball would
be at and at Because of
gravity, however, the dolphin and the ball fall below their zero-
gravity positions—and by the same amount, 1.60 m. In fact,
from the point of view of the dolphin, the ball is always at the
same angle of 36.7° above the horizontal until it is caught.

This is shown in the accompanying plot, where the red dots
show the position of the ball at 10 equally spaced times, and the
blue dots show the position of the dolphin at the correspond-
ing times. In addition, the dashed lines from the dolphin to the
ball all make the same angle with the horizontal, 36.7°.

Practice Problem
At what height does the dolphin catch the ball if it leaves the water with an initial speed of 8.00 m/s?
[Answer: If the dolphin’s initial speed is less than 7.50 m/s, it hits the water before catching the ball.]

Some related homework problems: Problem 25, Problem 34

yd = yb = 0.493 m.

t = 0.572 s.y = 4.10 mx = 5.50 m

yb = h - 1
2 gt2:

 = 4.10 m - 1.60 m = 2.50 mt = 0.572 s.
 yb = h - 1

2 gt2 = 4.10 m - 1
219.81 m>s2210.572 s22yb,

 = 4.10 m - 1.60 m = 2.50 m

 = [112.0 m/s2 sin 36.7°]10.572 s2 - 1
219.81 m/s2210.572 s22yd = 1v0 sin u2t - 1

2 gt2:
 yd = 1v0 sin u2t - 1

2 gt2t = 0.572 s.yd,

 t = 5.50 m
9.62 m/s

= 0.572 s
xd = 1v0 cos u2t:  = 5.50 mxd,

 xd = 1v0 cos u2t = [112.0 m/s2 cos 36.7°]t = 19.62 m/s2tu = tan-1ah
d
b = tan-1a4.10 m

5.50 m
b = 36.7°

y = h - 1
2 gt2,

x = d,

x = d,

ay = -g.
y0 = h = 4.10 m,

x0 = d = 5.50 mu = tan-11h>d2.x0 = y0 = 0

92 CHAPTER 4 TWO-DIMENSIONAL KINEMATICS

O x

d = 5.50 m

h = 4.10 m

y

!

O
x (m)

y (m)

2

1

2

3

4

4 6 8 10 12 14

WALKMC04_0131536311.QXD  11/16/05  17:57  Page 92

yb
?
= yd

h −
�
��

1

2
gt2

?
= (v0 sin θ)t −

�
��

1

2
gt2

h
?
= (v0 sin θ)

(
d

v0 cos θ

)
h

?
= d tan θ

h = h X
So,

yb = yd when xb = xd

Yes, the dolphin will be able to catch
the ball.



Summary

• projectiles launched at an angle

Quiz Thursday

Homework

• relative motion worksheet (answer on scantron and hand in,
due Thurs)

Walker Physics:

• Ch 4, onward from page 100. Problems: 31, 33


