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Example 6
A car traveling at a constant speed of 45.0 m/s passes a trooper
on a motorcycle hidden behind a billboard. One second after the
speeding car passes the billboard, the trooper sets out from the
billboard to catch the car, accelerating at a constant rate of 3.00
m/s2. How long does it take the trooper to overtake the car?

Sketch:

Equation 2.13 is the only equation in the particle 
under constant acceleration model that does not 
involve position, so we use it to find the acceleration of 
the jet, modeled as a particle:

ax 5
vxf 2 vxi

t
<

0 2 63 m/s
2.0 s

5  232 m/s2

(B) If the jet touches down at position xi 5 0, what is its final position?

S O L U T I O N

Use Equation 2.15 to solve for the final position: xf 5 xi 1 1
2 1vxi 1 vxf 2 t 5 0 1 1

2 163 m/s 1 0 2 12.0 s 2 5   63 m

Given the size of aircraft carriers, a length of 63 m seems reasonable for stopping the jet. The idea of using arresting 
cables to slow down landing aircraft and enable them to land safely on ships originated at about the time of World War I. 
The cables are still a vital part of the operation of modern aircraft carriers.

Suppose the jet lands on the deck of the aircraft carrier with a speed faster than 63 m/s but has the same 
acceleration due to the cable as that calculated in part (A). How will that change the answer to part (B)?

Answer If the jet is traveling faster at the beginning, it will stop farther away from its starting point, so the answer to 
part (B) should be larger. Mathematically, we see in Equation 2.15 that if vxi is larger, then xf will be larger.

WHAT IF ?

 2.6 Analysis Model: Particle Under Constant Acceleration 39

Example 2.8   Watch Out for the Speed Limit!

A car traveling at a constant speed of 45.0 m/s passes a 
trooper on a motorcycle hidden behind a billboard. One sec-
ond after the speeding car passes the billboard, the trooper 
sets out from the billboard to catch the car, accelerating at a 
constant rate of 3.00 m/s2. How long does it take the trooper 
to overtake the car?

A pictorial representation (Fig. 2.13) helps clarify the 
sequence of events. The car is modeled as a particle under con-
stant velocity, and the trooper is modeled as a particle under 
constant acceleration.
 First, we write expressions for the position of each vehicle as a function of time. It is convenient to choose the posi-
tion of the billboard as the origin and to set t! 5 0 as the time the trooper begins moving. At that instant, the car has 
already traveled a distance of 45.0 m from the billboard because it has traveled at a constant speed of vx 5 45.0 m/s for 
1 s. Therefore, the initial position of the speeding car is x! 5 45.0 m.

AM

S O L U T I O N

Figure 2.13 (Example 2.8) A speeding car passes a hid-
den trooper.

t" ! ?t! ! 0t# ! "1.00 s

# ! "

Using the particle under constant velocity model, apply 
Equation 2.7 to give the car’s position at any time t :

xcar 5 x! 1 vx cart

A quick check shows that at t 5 0, this expression gives the car’s correct initial position when the trooper begins to 
move: xcar 5 x! 5 45.0 m.

The trooper starts from rest at t! 5 0 and accelerates at 
ax 5 3.00 m/s2 away from the origin. Use Equation 2.16 
to give her position at any time t :

         xf 5 xi 1 vxit 1 1
2axt 2

 x trooper 5 0 1 10 2 t 1 1
2axt 2 5 1

2axt 2

Set the positions of the car and trooper equal to repre-
sent the trooper overtaking the car at position ":

x trooper 5 xcar

   1
2axt 2 5 x ! 1 vx cart

 

▸ 2.7 c o n t i n u e d

continued

+x

1Serway & Jewett, “Physics for Scientists and Engineers”, pg 39.



Example 6

Hypothesis: The trooper accelerates at 3.00 m/s2. It will take 15 s
for him to reach a speed of 45.0 m/s, but then he still needs to
catch up to the car. I would guess it will take him about another
15 s to catch up. Guess: about 30 s or so.

Given: vcar = 45.0 m/s, (acar = 0), atr = 3.00 m/s2, vtr,0 = 0 m/s,
and the car has a 1 s head start

Asked for: t when they are at the same positition.

Strategy: Use the idea that when the trooper has caught up

#   »

∆xcar =
#   »

∆x tr

We can visualize this on a graph, or just do a bit of algebra.
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Example 6

A car traveling at a constant speed of 45.0 m/s passes a trooper
on a motorcycle hidden behind a billboard. One second after the
speeding car passes the billboard, the trooper sets out from the
billboard to catch the car, accelerating at a constant rate of 3.00
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#   »

∆x tr

vcar(t + 1)��̂i =
(
��

��*0
(vtr,0)t +

1

2
atrt

2
)
��̂i

0 =
1

2
atrt

2 − vcart − vcar

This is a quadratic expression in t.
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A car traveling at a constant speed of 45.0 m/s passes a trooper
on a motorcycle hidden behind a billboard. One second after the
speeding car passes the billboard, the trooper sets out from the
billboard to catch the car, accelerating at a constant rate of 3.00
m/s2. How long does it take the trooper to overtake the car?

0 =
1

2
atrt

2 − vcart − vcar

This is a quadratic expression in t.

0 =
1

2
atrt

2 − vcart − vcar

t =
vcar ±

√
v2car + 2atrvcar
atr

t = 31.0 s



Example 6

Answer: t = 31.0 s

Analysis: This answer is quite close to the hypothesis! The car is
going 45.0 m/s, or 100 mi/h, which is very fast, but the trooper
also has a high acceleration of 3.00 m/s2. Motorcycles can have
accelerations even higher than that, so the numbers in this
question are reasonable.



Free-Falling Objects

One common scenario of interest where acceleration is constant is
objects freely falling.

When we refer to free fall, we mean objects moving under the
influence of gravity, and where we are ignoring resistive forces,
eg. air resistance.



Galileo and the Leaning Tower of Pisa

Aristotle, an early Greek natural philosopher, said that heavier
objects fall faster than lighter ones.

Galileo tested this idea and found it was wrong. Any two massive
objects accelerate at the same rate.

Galileo studied the motion of objects by experiment, as well as by
abstract reasoning.



Galileo and Inertia

He considered balls rolling on inclined surfaces and developed the
notion of inertia.

Inertia is the tendency of objects to stay doing whatever they are
already doing, unless they are interfered with.

Galileo’s idea of inertia:

A body moving on a level surface will continue in the same
direction at a constant speed unless disturbed.
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Acceleration and Free-Fall

Galileo reasoned about the acceleration due to gravity by thinking
more about inclined surfaces.

θ

h

O
v

The steeper the incline the larger the acceleration.



Free-Fall
When the ball drops straight downward, it gains approximately 9.8
m/s of speed in each second.

Time of fall (s) Velocity acquired (m/s)

0 0
1 10
2 20
3 30
...

...

This is a constant acceleration! We call this acceleration g .

g = 9.8 m s−2 ≈ 10 m s−2

After falling for 6.5 s, (roughly) what is the ball’s speed? 65 m/s
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Free-Falling Objects

The important point is that at the surface of the Earth, all objects
experience this same acceleration due to gravity: g = 9.8 m s−2.

In the absence of air resistance, the acceleration does not depend
on an object’s mass!38 CHAPTER 2 ONE-DIMENSIONAL KINEMATICS

move with constant acceleration. His conclusions were based on experiments
done by rolling balls down inclines of various steepness. By using an incline,
Galileo was able to reduce the acceleration of the balls, thus producing motion
slow enough to be timed with the rather crude instruments available.

Galileo also pointed out that objects of different weight fall with the same con-
stant acceleration—provided air resistance is small enough to be ignored.
Whether he dropped objects from the Leaning Tower of Pisa to demonstrate this
fact, as legend has it, will probably never be known for certain, but we do know
that he performed extensive experiments to support his claim.

Today it is easy to verify Galileo’s assertion by dropping objects in a vacuum
chamber, where the effects of air resistance are essentially removed. In a standard
classroom demonstration, a feather and a coin are dropped in a vacuum, and both
fall at the same rate. In 1971, a novel version of this experiment was carried out on
the Moon by astronaut David Scott. In the near perfect vacuum on the Moon’s
surface he dropped a feather and a hammer and showed a worldwide television
audience that they fell to the ground in the same time.

To illustrate the effect of air resistance in everyday terms, consider dropping a
sheet of paper and a rubber ball (Figure 2–17). The paper drifts slowly to the
ground, taking much longer to fall than the ball. Now, wad the sheet of paper into
a tight ball and repeat the experiment. This time the ball of paper and the rubber
ball reach the ground in nearly the same time. What was different in the two ex-
periments? Clearly, when the sheet of paper was wadded into a ball, the effect of
air resistance on it was greatly reduced, so that both objects fell almost as they
would in a vacuum.

Before considering a few examples, let’s first discuss exactly what is meant by
“free fall.” To begin, the word free in free fall means free from any effects other
than gravity. For example, in free fall we assume that an object’s motion is not
influenced by any form of friction or air resistance.

• Free fall is the motion of an object subject only to the influence of gravity.

Though free fall is an idealization—which does not apply to many real-world
situations—it is still a useful approximation in many other cases. In the following
examples we assume that the motion may be considered as free fall.

Next, it should be realized that the word fall in free fall does not mean the
object is necessarily moving downward. By free fall, we mean any motion under
the influence of gravity alone. If you drop a ball, it is in free fall. If you throw a ball
upward or downward, it is in free fall as soon as it leaves your hand.

• An object is in free fall as soon as it is released, whether it is dropped from
rest, thrown downward, or thrown upward.

Finally, the acceleration produced by gravity on the Earth’s surface (sometimes
called the gravitational strength) is denoted with the symbol g. As a shorthand
name, we will frequently refer to g simply as “the acceleration due to gravity.” In
fact, as we shall see in Chapter 12, the value of g varies according to one’s location
on the surface of the earth, as well as one’s altitude above it. Table 2–5 shows how
g varies with latitude.

▲ Whether she is on the way
up, at the peak of her flight, or
on the way down, this girl is in
free fall, accelerating downward
with the acceleration of gravity.
Only when she is in contact with
the blanket does her acceleration
change.

(a) (b)

FIGURE 2–17 Free fall and air
resistance
(a) Dropping a sheet of paper and a rub-
ber ball compared with (b) dropping a
wadded-up sheet of paper and a ball.

▲

TABLE 2–5 Values of g at Different
Locations on Earth 

Location Latitude g

North Pole 90° N 9.832
Oslo, Norway 60° N 9.819
Hong Kong 30° N 9.793
Quito, Ecuador 0° 9.780

1m>s22

▲ In the absence of air resistance, all
bodies fall with the same acceleration,
regardless of their mass.

WALKMC02_0131536311.QXD  12/9/05  3:27  Page 38

The fact that acceleration due to gravity is independent of mass
can be seen in airless environments...

1Figure from Walker, “Physics”, page 39.
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Free-Falling Objects

Objects near the Earth’s surface have a constant acceleration of
g = 9.8 ms−2. (Or, about 10 ms−2)

The kinematics equations for constant acceleration all apply.



Notation and a new Unit Vector

When drawing a vertical axis (eg. for a falling object), it is
traditional to label the axis y .

Reminder: Unit vectors are one-unit-long vectors that just give a
direction.

ĵ is the unit vector pointing in the +y direction. In the textbook, ŷ
is used for this.
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Free-Falling Objects

Example You drop a rock off of a 50 m tall building.
With what velocity does it strike the ground?

Draw a sketch.

What quantities do we know? Which ones do we want to predict?

Which equation(s) should we use?

#»v = −31 m/s ĵ (2 sig. figs.)
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Ex 2-5: Free-Fall Separation - skipping, but can look
You drop a rock from a bridge to the river below. When the rock
has fallen 4 m, you drop a second rock. As the rocks continue
their free fall, does their separation increase, decrease, or stay the
same?

Sketch:

40 CHAPTER 2 ONE-DIMENSIONAL KINEMATICS

v = 0 x = 0
x = 4.91 m

x = 19.6 m

x = 44.1 m

x = 78.5 m

v = 9.81 m/s

v = 19.6 m/s

v = 29.4 m/s

v = 39.2 m/s

t = 0
t = 1 s

t = 2 s

t = 3 s

t = 4 s

x

▲ FIGURE 2–18 Free fall from rest
Position and velocity are shown as
functions of time. It is apparent that
velocity depends linearly on t, whereas
position depends on t2.

CONCEPTUAL CHECKPOINT 2–5 Free-fall Separation
You drop a rock from a bridge to the river below. When the rock has fallen 4 m, you drop a second
rock. As the rocks continue their free fall, does their separation (a) increase, (b) decrease, or (c) stay
the same?

4 m

O

x

Reasoning and Discussion
It might seem that since both rocks are in free fall, their separation remains the same. This is not so.
The rock that has a head start always has a greater velocity than the later one; thus it covers a greater
distance in any interval of time. As a result, the separation between the rocks increases.

Answer
(a) The separation between the rocks increases.

An erupting volcano shooting out fountains of lava is an impressive sight. In
the next Example we show how a simple timing experiment can determine the
initial velocity of the erupting lava.

EXAMPLE 2–11 Bombs Away: Calculating the Speed of a Lava Bomb
A volcano shoots out blobs of molten lava, called lava bombs, from its summit. A geologist observing the erup-
tion uses a stopwatch to time the flight of a particular lava bomb that is projected straight upward. If the time
for it to rise and fall back to its launch height is 4.75 s, and its acceleration is downward, what is its
initial speed?

Picture the Problem
Our sketch shows a coordinate system with upward as the positive x
direction. For clarity, we offset the upward and downward trajectories
slightly. In addition, we choose to be the time at which the lava
bomb is launched. With these choices it follows that and the
acceleration is The initial speed to be deter-
mined is

Strategy
Once again, we can neglect air resistance and model the motion of the
lava bombs as free fall—this time with an initial upward velocity. We
know that the lava bomb starts at at the time and returns to

at the time This means that we know the bomb’s posi-
tion, time, and acceleration from which we would like to de-
termine the initial velocity. A reasonable approach is to use Equation
2–11 and solve it for the one unknown it contains, v0.

1a = -g2,t = 4.75 s.x = 0
t = 0x = 0

v0.
a = -g = -9.81 m>s2.

x0 = 0
t = 0

9.81 m/s2

x

O

v0

a

REAL-
WORLD
PHYSICS

The behavior of these functions is illustrated in Figure 2–18. Note that position in-
creases with time squared, whereas velocity increases linearly with time.

Next we consider two objects dropped from rest, one after the other, and
discuss how their separation varies with time.

WALKMC02_0131536311.QXD  12/9/05  3:27  Page 40

Hypothesis?
1Walker, “Physics”, page 40.



Ex 2-5: Free-Fall Separation - skipping, but can look
You drop a rock from a bridge to the river below. When the rock
has fallen 4 m, you drop a second rock. As the rocks continue their
free fall, does their separation increase, decrease, or stay the same?

Let ↓ +y .

Kinematic equation:

∆y = v0y t +
1

2
ay t

2

Displacement of an object falling starting from rest at and position
y = 0:

y =
1

2
gt2

Suppose the time taken to fall 4 m is t4.

t4 =

√
2(4 m)

g
= 0.9035 s

1Walker, “Physics”, page 40.
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Ex 2-5: Free-Fall Separation - skipping, but can look
At t = 0 s, the second rock is dropped, and the two rocks are 4 m
apart. The first rock has already been falling for time t4.

Position of the first rock:

y1 =
1

2
g(t + t4)

2

Position of the second rock:

y2 =
1

2
gt2

The separation of the two rocks, s, is

s = y1 − y2

=
1

2
g(t + t4)

2 −
1

2
gt2

s = (g t4) t +
g

2
t24 ← constant

↑
constant

↖
time var.

Any two objects dropped one before the other will increase their
separation.
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Ex 2-5: Free-Fall Separation - skipping, but can look

The separation of the two rocks, s, is

s = (g t4) t +
g

2
t24

It increases linearly with time!

Any two objects dropped one before the other will increase their
separation.



Implication of Free-Fall Separation

Why does a stream of water get narrower as if falls from a faucet?



Summary

• free-fall

First Test Thursday.

Homework

• Please bring a 30 cm ruler to class tomorrow!

Walker Physics:

• prev: Ch 2, onward from page 52. Problems: 65∗, 67, 121

• new: Ch 2, Problems: 61, 63, 69, 73, 101

∗Part (a) of this problem is unclear. Should read: “(a) How much time from
the moment his friend passes him does it take until he catches his friend?”


