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Projectile Trajectory

Suppose we want to know the height of a projectile (relative to its
launch point) in terms of its x coordinate. Suppose it is launched
at an angle θ above the horizontal, with initial velocity vi .

For the x-direction:

x = vi cos θt ⇒ t =
x

vi cos θ

y -direction:

y = vi sin θt −
1

2
gt2

Substituting for t gives:

y = (tan θ)x −
g

2v2i cos2 θ
x2
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Projectile Motion Example: #25, page 103

 Problems 103

of mass, which we will define in Chapter 9. His center 
of mass is at elevation 1.02 m when he leaves the floor. 
It reaches a maximum height of 1.85 m above the floor 
and is at elevation 0.900 m when he touches down again. 
Determine (a)  his time of flight (his “hang time”),  
(b) his horizontal and (c) vertical velocity components at 
the instant of takeoff, and (d) his takeoff angle. (e) For  
comparison, determine the hang time of a whitetail 
deer making a jump (Fig. P4.24b) with center-of-mass 
elevations yi 5 1.20 m, ymax 5 2.50 m, and yf 5 0.700 m.

b

Figure P4.24
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 25. A playground is on the flat roof of a city school, 6.00 m  
above the street below (Fig. P4.25). The vertical wall 
of the building is h 5 7.00 m high, forming a 1-m-high 
railing around the playground. A ball has fallen to  
the street below, and a passerby returns it by launch-
ing it at an angle of u 5 53.0° above the horizontal at a  
point d 5 24.0 m from the base of the building wall. The 
ball takes 2.20 s to reach a point vertically above the 
wall. (a) Find the speed at which the ball was launched.  
(b) Find the vertical distance by which the ball clears 
the wall. (c) Find the horizontal distance from the wall 
to the point on the roof where the ball lands.

h

u

d

Figure P4.25

 26. The motion of a human body through space can be 
modeled as the motion of a particle at the body’s cen-
ter of mass as we will study in Chapter 9. The compo-
nents of the displacement of an athlete’s center of mass 
from the beginning to the end of a certain jump are 
described by the equations

  xf 5 0 1 (11.2 m/s)(cos 18.5°)t

0.360 m 5 0.840 m 1 111.2 m/s 2 1sin 18.582t 2 1
2 19.80 m/s2 2t 2

  where t is in seconds and is the time at which the ath-
lete ends the jump. Identify (a) the athlete’s position 
and (b) his vector velocity at the takeoff point. (c) How 
far did he jump?

 27. A soccer player kicks a rock horizontally off a 
40.0-m-high cliff into a pool of water. If the player W

the same speed but at the optimal angle for maximum 
range? (c) What If? Would your answer to part (a) be 
different if the rock is thrown with the same speed on a 
different planet? Explain.

 19. The speed of a projectile when it reaches its maximum 
height is one-half its speed when it is at half its maxi-
mum height. What is the initial projection angle of the 
projectile?

 20. A ball is tossed from an upper-story window of a build-
ing. The ball is given an initial velocity of 8.00 m/s at 
an angle of 20.0° below the horizontal. It strikes the 
ground 3.00 s later. (a) How far horizontally from the 
base of the building does the ball strike the ground? 
(b) Find the height from which the ball was thrown.  
(c) How long does it take the ball to reach a point 10.0 m  
below the level of launching?

 21. A firefighter, a distance d from a burning building, 
directs a stream of water from a fire hose at angle ui 
above the horizontal as shown in Figure P4.21. If the 
initial speed of the stream is vi, at what height h does 
the water strike the building?

d

h

i

ui

vS

Figure P4.21

 22. A landscape architect is 
planning an artificial water-
fall in a city park. Water 
flowing at 1.70 m/s will 
leave the end of a horizon-
tal channel at the top of 
a vertical wall h 5 2.35  m 
high, and from there it will 
fall into a pool (Fig. P4.22). 
(a) Will the space behind 
the waterfall be wide 
enough for a pedestrian walkway? (b) To sell her plan to 
the city council, the architect wants to build a model to 
standard scale, which is one-twelfth actual size. How fast 
should the water flow in the channel in the model?

 23. A placekicker must kick a football from a point 36.0 m 
(about 40 yards) from the goal. Half the crowd hopes 
the ball will clear the crossbar, which is 3.05 m high. 
When kicked, the ball leaves the ground with a speed 
of 20.0 m/s at an angle of 53.0° to the horizontal. (a) By 
how much does the ball clear or fall short of clearing 
the crossbar? (b) Does the ball approach the crossbar 
while still rising or while falling?

 24. A basketball star covers 2.80 m horizontally in a jump to 
dunk the ball (Fig. P4.24a). His motion through space 
can be modeled precisely as that of a particle at his center 
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Figure P4.22
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Projectile Motion Example

Part (a)

Given: ∆x = 24.0 m, t = 2.20 s, θ = 53.0◦

Asked for: v0

Strategy: we know ∆x = v0x t and v0x = v0 cos θ.

Rearranging:

∆x = v0 cos θt

v0 =
∆x

cos θt

=
(24.0 m)

cos(53◦)(2.20 s)

= 18.1 m/s
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Projectile Motion Example

Part (b)

Given: ∆x = 24.0 m, t = 2.20 s, θ = 53.0◦, v0 = m/s, h = 7.00 m
Asked for: height above the wall, ∆y − h

Strategy: there are a couple of ways to solve it. One way:

∆y = v0y t −
1

2
gt2

∆y − h = v0 sin θt −
1

2
gt2 − h

= (18.1 m/s) sin(53◦)(2.20 s) −
1

2
(9.81)(2.20)2 − 7m

= 1.13 m



Projectile Motion Example
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Projectile Motion Example

Part (c)

Given: θ = 53.0◦, v0 = m/s, ∆y = 6.00 m
Asked for: distance behind the wall, ∆x − d

Strategy: Could find t, then ∆x . Or, use trajectory equation:

y = (tan θ)x −
g

2v2i cos2 θ
x2



Projectile Motion Example

Part (c)
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Projectile Motion Example

Solve
g

2v2i cos2 θ
x2 − (tan θ)x + y = 0

for x .

x =

tan θ±
√

tan2 θ− 4
(

g
2v2

i cos2 θ

)
y

2
(

g
2v2

i cos2 θ

)
Putting in the numbers in the question:

x = 26.79 m or x = 5.44 m

Want the solution that is larger than 24 m, since ball makes it
onto roof.

Distance behind wall: 26.79 m - 24 m = 2.79 m.
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Relative Motion And Projectile Motion

Observer on the skateboard sees the ball fall straight down.

EXAMPLE 4–3 Dropping a Ball
A person skateboarding with a constant speed of 1.30 m/s releases a ball from a height of 1.25 m above the ground. Given
that and find x and y for (a) and (b) (c) Find the velocity, speed, and direc-
tion of motion of the ball at 

Picture the Problem
The ball starts at and Its initial ve-
locity is horizontal, therefore and

In addition, it accelerates with the acceleration due
to gravity in the negative y direction, and moves
with constant speed in the x direction, 

Strategy
The x and y positions are given by and 
respectively. We simply substitute time into these expressions.
Similarly, the velocity components are and vy = -gt.vx = v0

y = h - 1
2 gt2,x = v0t

ax = 0.
ay = -g,

v0y = 0.
v0x = v0 = 1.30 m/s

y0 = h = 1.25 m.x0 = 0

t = 0.500 s.
t = 0.500 s.t = 0.250 sy0 = h = 1.25 m,x0 = 0

4–3 ZERO LAUNCH ANGLE 85

PROBLEM-SOLVING NOTE

Identify Initial Conditions

The launch point of a projectile deter-
mines and The initial velocity of a
projectile determines and v0y.v0x

y0.x0

y

h h

v0

OO
xx

y

! > 0 v0
! = 0

(a) (b)

O x (m)

y (m)
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

21 643 5 7
▲ FIGURE 4–5 Trajectory of a projectile
launched horizontally
In this plot, the projectile was launched
from a height of 9.5 m with an initial
speed of 5.0 m/s. The positions shown in
the plot correspond to the times

Note the
uniform motion in the x direction, and
the accelerated motion in the y direction.

t = 0.20 s, 0.40 s, 0.60 s, Á .

FIGURE 4–4 Launch angle of a
projectile
(a) A projectile launched at an angle
above the horizontal, A launch
below the horizontal would correspond
to (b) A projectile launched
horizontally, In this section we
consider The next section deals
with u Z 0.

u = 0.
u = 0.

u 6 0.

u 7 0.

▲

x

y

O

h = 1.25 m

v0

g

ball is given by

and

This is illustrated in Figure 4–3.
The initial velocity is horizontal, corresponding to in Figure 4–4. As a

result, the x component of the initial velocity is simply the initial speed,

and the y component of the initial velocity is zero,

Substituting these specific values into our fundamental equations for pro-
jectile motion (Equations 4–6) gives the following simplified results for zero
launch angle 

4–7

Note that the x component of velocity remains the same for all time and that
the y component steadily decreases with time. As a result, x increases linearly
with time, and y decreases with a dependence. Snapshots of this motion at
equal time intervals are shown in Figure 4–5.

t2

 y = h - 1
2 gt2  vy = -gt  vy 

2 = -2g¢y

 x = v0t  vx = v0 = constant  vx 

2 = v0 

2 = constant

1u = 02:
v0y = v0 sin 0° = 0

v0x = v0 cos 0° = v0

u = 0

y0 = h

x0 = 0

continued on next page
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Another observer on the sidewalk sees the ball as a horizontally
launched projectile.



Relative Motion And Projectile Motion

To decide who pays for lunch, a passenger on a moving train tosses
a coin straight upward with an initial speed of 4.38 m/s and
catches it again when it returns to its initial level. From the point
of view of the passenger, then, the coin’s initial velocity is
(4.38 m/s) j. The train’s velocity relative to the ground is
(12.1 m/s) i.

(a) What is the minimum speed of the coin relative to the ground
during its flight? At what point in the coin’s flight does this
minimum speed occur? Explain.

12.1 m/s, At the top of its path, where the y -component of
velocity is zero.



Relative Motion And Projectile Motion

To decide who pays for lunch, a passenger on a moving train tosses
a coin straight upward with an initial speed of 4.38 m/s and
catches it again when it returns to its initial level. From the point
of view of the passenger, then, the coin’s initial velocity is
(4.38 m/s) j. The train’s velocity relative to the ground is
(12.1 m/s) i.

(a) What is the minimum speed of the coin relative to the ground
during its flight? At what point in the coin’s flight does this
minimum speed occur? Explain.

12.1 m/s, At the top of its path, where the y -component of
velocity is zero.



Relative Motion And Projectile Motion

To decide who pays for lunch, a passenger on a moving train tosses
a coin straight upward with an initial speed of 4.38 m/s and
catches it again when it returns to its initial level. From the point
of view of the passenger, then, the coin’s initial velocity is
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(12.1 m/s) i.

(b) Find the initial speed and direction of the coin as seen by an
observer on the ground.
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Relative Motion And Projectile Motion

To decide who pays for lunch, a passenger on a moving train tosses
a coin straight upward with an initial speed of 4.38 m/s and
catches it again when it returns to its initial level. From the point
of view of the passenger, then, the coin’s initial velocity is
(4.38 m/s) j. The train’s velocity relative to the ground is
(12.1 m/s) i.

(b) Find the initial speed and direction of the coin as seen by an
observer on the ground.

v0 =
√

v20x + v20,y θ = tan−1

(
v0y
v0x

)
v0 = 12.9 m/s, at 19.9◦ above the horizontal



Relative Motion And Projectile Motion

To decide who pays for lunch, a passenger on a moving train tosses
a coin straight upward with an initial speed of 4.38 m/s and
catches it again when it returns to its initial level. From the point
of view of the passenger, then, the coin’s initial velocity is
(4.38 m/s) j. The train’s velocity relative to the ground is
(12.1 m/s) i.

(c) Use the expression for h = ymax to calculate the maximum
height of the coin relative to its launch point, as seen by an
observer on the ground.
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(d) Calculate the maximum height of the coin from the point of
view of the passenger, who sees only one-dimensional motion.
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Summary

• projectile motion examples

• relative motion and projectile motion

Homework
• previously set: Ch 4 Ques: 5, 7; Probs: 21, 23, 25, 27, 29, 35.

• new: Ch 4 Ques: 9; Probs: 39, 43, 49.

• new: Ch 4 Probs: 57, 59, 67 (circular motion - wait to do)


