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Last time

• relative motion

• relative motion examples



Overview

• one more relative motion problem

• motion in 2D with constant acceleration

• projectile motion

• projectiles launched horizontally



Relative Motion Practice

You are riding on a Jet Ski at an angle of 35◦ upstream on a river
flowing with a speed of 2.8 m/s. If your velocity relative to the
ground is 9.5 m/s at an angle of 20.0◦ upstream, what is the
speed of the Jet Ski relative to the water?

(Note: Angles are measured relative to the x axis, which points
across the river.)

Chapter 3: Vectors in Physics  James S. Walker, Physics, 4th
 Edition 
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3. Find the direction of 
fw

v
G

: 
fw, 1 1

fw, 

2.25 m/s
tan tan 43  west of north

2.40 m/s

x

y

v

v
θ − −

⎛ ⎞ ⎛ ⎞⎜ ⎟= = = °⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠
 

 
4. Find the magnitude of 

fw
v
G

: ( ) ( )2 22 2

fw fw, fw, 
2.25 m/s 2.40 m/s 3.29 m/sx yv v v= + = − + =  

 Insight: If the person were to walk even faster with respect to the ferry, then  
fw

v
G

 would have to be shorter and point 

more in the westerly direction. 

 

 

55.  Picture the Problem: The situation is similar to that depicted in the figure at 

right, except the boat is supposed to be a jet ski. 

 Strategy: Place the x-axis perpendicular to the flow of the river, such that the 

river is flowing in the negative y-direction.  Let 
bw

=v
G

 jet ski’s velocity relative to 

the water, 
bg
=v

G
 jet ski’s velocity relative to the ground, and 

wg
=v

G
 water’s 

velocity relative to the ground.  Use equation 3-8 to find the vector 
bw

v
G

, and then 

determine its magnitude. 

 Solution: 1. Solve eq. 3-8 for 
bw

v
G

: 
bg bw wg bw bg wg

    = + ⇒ = −v v v v v v
G G G G G G

 

 2. Find the components of 
bg

v
G

: ( ) ( )
( ) ( )

bg
ˆ ˆ9.5 m/s cos 20.0 9.5 m/s sin 20.0

ˆ ˆ8.9 m/s 3.2 m/s

= ° + °

= +

v x y

x y

G
 

 3. Subtract to find 
bw

v
G

: ( ) ( ) ( )
( ) ( )

bw bg wg
ˆ ˆ ˆ8.9 m/s 3.2 m/s 2.8 m/s

ˆ ˆ8.9 m/s 6.0 m/s

= − = + − −⎡ ⎤⎣ ⎦
= +

v v v x y y

x y

G G G
 

 
4. Find the magnitude of 

bw
v
G

: ( ) ( )2 2

bw
8.9 m/s 6.0 m/s 11 m/sv = + =  

 Insight: Note that the 35° angle is extraneous information for this problem.  If we work backwards to find the angle 

from the components of 
bw

v
G

 we get ( )1
tan 6.0 8.9 34θ −= = ° , not exactly 35° due to rounding errors. 

 

 

56.  Picture the Problem: The situation is depicted in the figure at right, except the 

boat is supposed to be a jet ski. 

 Strategy: Place the x-axis perpendicular to the flow of the river, such that the 

river is flowing in the negative y-direction.  Let 
bw

=v
G

 jet ski’s velocity 

relative to the water, 
bg
=v

G
 jet ski’s velocity relative to the ground, and  

wg
=v

G
 water’s velocity relative to the ground.  Set the y component of 

bw
v
G

 

equal to the magnitude of  
wg

v
G

 so that they cancel, leaving only an x 
component of 

bg
v
G

.  Then determine the angle θ. 

 Solution: 1. (a) Set 
bw, wg, 

0y yv v+ =  and solve for θ: 

( )
bw, bw wg, 

wg, 1 1

bw

sin

2.8 m/s
sin sin 13

12 m/s

y y

y

v v v

v
v

θ

θ − −

= = −

− − −⎛ ⎞⎛ ⎞
= = = °⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠

 

 2. (b) Increasing the jet ski’s speed relative to the water will increase 
bw
v  and therefore decrease the angle θ. 

 Insight: Airplanes must also make heading adjustments like the jet ski’s in order to fly in a certain direction when there 

is a steady wind present. 

 

Ans: 11 m/s

1Walker, “Physics”, ch 3, problem 55.
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 2. (b) Increasing the jet ski’s speed relative to the water will increase 
bw
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Ans: 11 m/s
1Walker, “Physics”, ch 3, problem 55.



Relative Motion Practice

For the same river, suppose the Jet Ski is moving at a speed of
12 m/s relative to the water.

(a) At what angle must you point the Jet Ski if your velocity
relative to the ground is to be perpendicular to the shore of the
river?

(b) If you increase the speed of the Jet Ski relative to the water,
does the angle in part (a) increase, decrease, or stay the same?
Explain.

(Note: Angles are measured relative to the x axis, which points
across the river.)

Ans: (a) 13◦ ; (b) decrease

1Walker, “Physics”, ch 3, problem 56.
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Kinematic Equations in 2 Dimensions

What if velocity is not constant?

If there is acceleration, we can still break down our motional
quantities (displacement, velocity, acceleration) into components.

We can solve each component independently.



Kinematic Equations in 2 Dimensions

#»v f = #»v i +
#»a t

82 Chapter 4 Motion in Two Dimensions

 Because the acceleration aS of the particle is assumed constant in this discussion, 
its components ax and ay also are constants. Therefore, we can model the particle as 
a particle under constant acceleration independently in each of the two directions 
and apply the equations of kinematics separately to the x and y components of the 
velocity vector. Substituting, from Equation 2.13, vxf 5 vxi 1 axt and vyf 5 vyi 1 ayt 
into Equation 4.7 to determine the final velocity at any time t, we obtain

vSf 5 1vxi 1 axt 2 î 1 1vyi 1 ayt 2 ĵ 5 1vxi î 1 vyi ĵ 2 1 1ax î 1 ay ĵ 2 t
 vSf 5 vSi 1 aSt (4.8)

This result states that the velocity of a particle at some time t equals the vector 
sum of its initial velocity vSi at time t 5 0 and the additional velocity aSt acquired 
at time t as a result of constant acceleration. Equation 4.8 is the vector version of 
Equation 2.13.
 Similarly, from Equation 2.16 we know that the x and y coordinates of a particle 
under constant acceleration are

xf 5 xi 1 vxit 1 1
2axt 2  yf 5 yi 1 vyit 1 1

2ayt 2

Substituting these expressions into Equation 4.6 (and labeling the final position 
vector rSf ) gives

 rSf 5 1xi 1 vxit 1 1
2axt 2 2 î 1 1yi 1 vyit 1 1

2ayt 2 2 ĵ
 5 1xi î 1 yi ĵ 2 1 1vxi î 1 vyi ĵ 2 t 1 1

2 1ax î 1 ay ĵ 2 t 2

 rSf 5 rSi 1 vSit 1 1
2 aSt 2 (4.9)

which is the vector version of Equation 2.16. Equation 4.9 tells us that the position 
vector rSf  of a particle is the vector sum of the original position rSi, a displacement 
vSi t arising from the initial velocity of the particle, and a displacement 1

2 aSt 2 result-
ing from the constant acceleration of the particle.
 We can consider Equations 4.8 and 4.9 to be the mathematical representation 
of a two-dimensional version of the particle under constant acceleration model. 
Graphical representations of Equations 4.8 and 4.9 are shown in Figure 4.5. The 
components of the position and velocity vectors are also illustrated in the figure. 
Notice from Figure 4.5a that vSf  is generally not along the direction of either vSi or 
aS because the relationship between these quantities is a vector expression. For the 
same reason, from Figure 4.5b we see that rSf  is generally not along the direction of 
rSi, vSi, or aS. Finally, notice that vSf  and rSf  are generally not in the same direction.

Velocity vector as XW
a function of time for a  
particle under constant 

 acceleration in two 
dimensions

Position vector as X
a function of time for a  
particle under constant 

 acceleration in two 
dimensions

Figure 4.5 Vector representa-
tions and components of (a) the 
velocity and (b) the position of a 
particle under constant accelera-
tion in two dimensions.
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Equating x-components (̂i-components):

vx = vx ,i + ax t

Equating y -components (̂j-components):

vy = vy ,i + ay t
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Acceleration due to gravity and kinematics

Let’s think about the components of the motion separately.

5 Projectile Motion

A ball’s velocity can be resolved into horizontal and 
vertical components.

5.3 Components of Vectors

Vertical (y -direction):

constant acceleration, #»g

∆y = vi ,y t −
1

2
gt2

Horizontal (x-direction):

no acceleration, const. velocity

∆x = vi ,x t

1Drawing by Hewitt, via Pearson.



Acceleration due to gravity and kinematics

A constant acceleration gives motion in the shape of a parabola.



Projectiles

projectile

Any object that is thrown. We will use this word specifically to
refer to thrown objects that experience a vertical acceleration g .

For projectile motion, we assume air resistance is negligible.



Projectile Velocity 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.
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(x,y)
it

O
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t21
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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
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vy ! 0

i

O
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vS
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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
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i
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i
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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 

!

"

# $

%

"
#

$

%

1Figure from Serway & Jewett, 9th ed.
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← But the y
acceleration
is not zero!



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)

Upward is the positive direction for these.
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Principle Equations of Projectile Motion

If the projectile is launched straight out horizontally, its motion in
the y -direction is the same as for a falling object.

v0y = 0, v0x 6= 0

The equations become:

∆x = v0x t vx = v0x v2x = v20x

∆y = −
1

2
gt2 vy = −gt v2y = −2g(∆y)



Principle Equations of Projectile Motion

If the projectile is launched straight out horizontally, its motion in
the y -direction is the same as for a falling object.

v0y = 0, v0x 6= 0

The equations become:

∆x = v0x t vx = v0x v2x = v20x

∆y = −
1

2
gt2 vy = −gt v2y = −2g(∆y)



Horizontal launch example

A ball is thrown horizontally from a cliff at a speed of 10 m/s.
What will its speed be (roughly) after 1s?

answer: 14 m/s

1Hewitt “Conceptual Physics”, page 192.
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Concept Question
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Solution
Part (a)

1. Substitute into the x and y equations of motion:

Part (b)

2. Substitute into the x and y equations of motion:
Note that the ball is only about an inch above the ground 
at this time:

Part (c)

3. First, calculate the x and y components of the velocity
at using and 

4. Use these components to determine v, and 

Insight
Note that the x position of the ball does not depend on the acceleration of gravity, g, and that its y position does not depend on
the initial horizontal speed of the ball, For example, if the person is running when he drops the ball, the ball is moving faster
in the horizontal direction, and it keeps up with the person when it is dropped. Its vertical motion doesn’t change at all, how-
ever; it drops to the ground in exactly the same time and bounces back to the same height as before.

Practice Problem
How long does it take for the ball to land? [Answer: Referring to the results of part (b), it is clear that the time of landing is
slightly greater than 0.500 s. Setting gives a precise answer; ]

Some related homework problems: Problem 12, Problem 13, Problem 17

t = 22h>g = 0.505 s.y = 0

v0.

 u = tan-1
 

vy

vx
= tan-1

 

1-4.91 m/s2
1.30 m/s

= -75.2°

 = 211.30 m/s22 + 1-4.91 m/s22 = 5.08 m/s

 v = 2vx 

2 + vy 

2

 v
! = 11.30 m/s2xN + 1-4.91 m/s2yNu:v

!
,

 vy = -gt = -19.81 m/s2210.500 s2 = -4.91 m/svy = -gt:vx = v0t = 0.500 s
 vx = v0 = 1.30 m/s

 = 1.25 m - 1
219.81 m/s2210.500 s22 = 0.0238 m

 y = h - 1
2 gt2

 x = v0t = 11.30 m/s210.500 s2 = 0.650 mt = 0.500 s

 = 1.25 m - 1
219.81 m/s2210.250 s22 = 0.943 m

 y = h - 1
2 gt2

 x = v0t = 11.30 m/s210.250 s2 = 0.325 mt = 0.250 s

CONCEPTUAL CHECKPOINT 4–1 Compare Splashdown Speeds
Two youngsters dive off an overhang into a lake. Diver 1 drops straight down, diver 2 runs off the cliff
with an initial horizontal speed v0. Is the splashdown speed of diver 2 (a) greater than, (b) less than,
or (c) equal to the splashdown speed of diver 1?

vy vy

vx = v0

v0

v

1 2
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Two youngsters dive off an overhang into a lake. Diver 1 drops
straight down, diver 2 runs off the cliff with an initial horizontal
speed v0. Is the splashdown speed of diver 2

(A) greater than,

(B) less than, or

(C) equal to

the splashdown speed of diver 1?

1Walker, “Physics”, page 90.
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Two youngsters dive off an overhang into a lake. Diver 1 drops
straight down, diver 2 runs off the cliff with an initial horizontal
speed v0. Is the splashdown speed of diver 2

(A) greater than,←
(B) less than, or

(C) equal to

the splashdown speed of diver 1?

1Walker, “Physics”, page 90.



Summary
• one more relative motion problem

• motion with constant acceleration

• projectile motion

• projectiles launched horizontally

Quiz Thursday

Homework

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

Walker Physics:

• Ch 4, onward from page 100. Conceptual Questions: 1, 5;
Problems: 3, 5, 9, 11, 13, 15, 17, 25, 841

1Ans: (a) v0 = W
√

g
2h
, (b) θ = − tan−1

(
2h
W

)
(minus sign indicates below

the horizontal axis).


