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Chapter 2

Describing Motion: Kinematics
In One Dimension




Units of Chapter 2

 Reference Frames and Displacement
* Average Velocity

e Instantaneous Velocity

e Acceleration

 Motion at Constant Acceleration

« Solving Problems

* Freely Falling Objects
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Units of Chapter 2

e Variable Acceleration; Integral Calculus

e Graphical Analysis and Numerical Integration
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2-1 Reference Frames and Displacement

Any measurement of position, distance, or
speed must be made with respect to a
reference frame.

For example, if you are sitting on a train and someone
walks down the aisle, the person’s speed with respect
to the train is a few miles per hour, at most. The
person’s speed with respect to the ground is much
higher.
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2-1 Reference Frames and Displacement

We make a distinction between distance and
displacement.

Displacement (blue line) is how far the object is
from its starting point, regardless of how it got
there.

Distance traveled (dashed line) is measured
along the actual path. y

_——————————
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!
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2-1 Reference Frames and Displacement

The displacement is written: Ax = x, — Xx;.
Left: Right:
Displacement is positive. Displacement is negative.
y y
X2 X
X XA i—&.X—-i
S p—t—— S ——t——x
10 20 30 40 10 20 30 40
Distance (m) Distance (m)
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2-2 Average Velocity

Speed is how far an object travels in a given time
Interval:

distance traveled

average speed = :
time elapsed

Velocity includes directional information:

displacement

average velocity = " 1 rk
ime elapse
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2-2 Average Velocity
Example 2-1. Runner’s average velocity.

The position of arunner as a function of
time is plotted as moving along the x axis of
a coordinate system. During a 3.00-s time
interval, the runner’s position changes from
X; = 50.0 m to x, = 30.5 m, as shown. What

was the runner’s average velocity?

y

Finish  Start

(X5) (Xp)

E«—Ax—l

TR G Gy
Ol 10 20 30 40 50 60
Distance (m)
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2-2 Average Velocity

Example 2-2: Distance a cyclist travels.

How far can a cyclist travel in 2.5 h
along a straight road If her average
velocity is 18 km/h?
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2-3 Instantaneous Velocity

The instantaneous velocity Is the
average velocity in the limit as the time

Interval becomes infinitesimally short.

v = lim ﬂ = @
At—0 Af dt

Ideally, a speedometer would
measure instantaneous
velocity; in fact, it measures
average velocity, but over a
very short time interval.
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2-3 Instantaneous Velocity

= 60+
The instantaneous speed 2,1
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magnitude of the P I
iInstantaneous velocity; it 0oL 02 02 0409
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2-3 Instantaneous Velocity

On a graph of a particle’s position vs. time, the
Instantaneous velocity is the tangent to the
curve at any point.
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2-3 Instantaneous Velocity

Example 2-3: Given x as a function of t.

_ _ | — : ——Fx (m)
A jet engine moves along an 0 10 20\ 30 40 50\60

experimental track (which we call the x 1 12
axis) as shown. We will treat the

engine as if it were a particle. Its

position as a function of time is given

by the equation x = At? + B, where A = go(m)

2.10 m/s?and B = 2.80 m. (a) Determine  _ | Slope of P, )
straight line—|
40— =16.8 m/s Ax=

Tangent at P, whose
slope is v, =21.0 m/s

the displacement of the engine during
the time interval fromt;, =3.00s tot, =
5.00 s. (b) Determine the average
velocity during this time interval. (c)
Determine the magnitude of the
instantaneous velocity at t = 500 s. 00 2 3 4 5 ¢'©®

30
20
10
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2-4 Acceleration

Acceleration iIs the rate of change of velocity.
change of velocity

average acceleration = ;
time elapsed

Example 2-4: Average acceleration.

Il=0

o =0 Acceleration
A car accelerates é [a = 5.0 m/s’]
along a straight
road from rest to T 50
90 km/hin50s. _ -5
What is the .
magnitude of its v = 10.0 /s
average S
acceleration? al t=1) = 505

v=1v) = 25m/s

R e
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2-4 Acceleration

Conceptual Example 2-5: Velocity and
acceleration.

(a) If the velocity of an object is zero, does it
mean that the acceleration is zero?

(b) If the acceleration is zero, does it mean that
the velocity is zero? Think of some
examples.
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2-4 Acceleration
Example 2-6: Car slowing down.

An automobile is moving to the right along a
straight highway, which we choose to be the
positive x axis. Then the driver puts on the
orakes. If the initial velocity (when the driver
nits the brakes) is v, = 15.0 m/s, and it takes
5.0 s to slow down to v, = 5.0 m/s, what was
the car’s average acceleration?

Acceleration
at 1y =0
v, = 15.0 m/s a=-2.0 m/s2

“Sites

at 1, = 5.0s
vy = 5.0m/s

SR —
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2-4 Acceleration

There is a difference between negative
acceleration and deceleration:

Negative acceleration is acceleration in the
negative direction as defined by the coordinate
system.

Deceleration occurs when the acceleration is
opposite in direction to the velocity.

vy = =5.0m/s v = —15.0 m/s

a
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2-4 Acceleration

The instantaneous acceleration is the average
acceleration in the limit as the time interval
becomes infinitesimally short.

Slope is average acceleration
: Av dv v during At =1, -1,
a = lm— = —- |
Al—0 At dt Slope is I.'
instantaneous
acceleration
atr,
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2-4 Acceleration

Example 2-7: Acceleration given x(t).

A particle Is moving In a straight line so that its
position is given by the relation x = (2.10 m/s?)t?
+ (2.80 m). Calculate (a) its average acceleration
during the time interval fromt; =3.00s to t, =
5.00 s, and (b) its instantaneous acceleration as
a function of time.

a = 4.20 m/s2
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2-4 Acceleration

Conceptual Example 2-8: Analyzing with
graphs.

This figure shows the velocity as a function of
time for two cars accelerating from 0 to 100
km/h in atime of 10.0 s. Compare (a) the
average acceleration; (b) instantaneous
acceleration; and (c) total distance traveled for
the two cars.

=
S

v (km/h)
| | |
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2-5 Motion at Constant Acceleration

The average velocity of an object during a time
Interval t is

_ Ax X — X X — X
U:_: — .
At [ — 1, [

The acceleration, assumed constant, Is
v — Uy
[

a:
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2-5 Motion at Constant Acceleration

In addition, as the velocity is increasing at a
constant rate, we know that

Vo T+
2

Combining these last three equations, we find:

VD =

X = x, + vt + zaf’
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2-5 Motion at Constant Acceleration

We can also combine these equations so as to
eliminate t:

v = w5 + 2alx = xg).
We now have all the equations we need to solve
constant-acceleration problems.

v = vy t+ at
X = x0+’vor+%ar2
2 = v3 + 2a(x — x,)
_ v T+
D = :

2
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2-6 Solving Problems

1. Read the whole problem and make sure you
understand it. Then read it again.

2. Decide on the objects under study and what
the time interval is.

3. Draw a diagram and choose coordinate axes.

4. Write down the known (given) quantities, and
then the unknown ones that you need to find.

5. What physics applies here? Plan an approach
to a solution.
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2-6 Solving Problems

6. Which equations relate the known and
unknown gquantities? Are they valid in this
situation? Solve algebraically for the unknown
guantities, and check that your result is sensible
(correct dimensions).

7. Calculate the solution and round it to the
appropriate number of significant figures.

8. Look at the result—Is it reasonable? Does it
agree with a rough estimate?

9. Check the units again.
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2-6 Solving Problems

Example 2-10: Acceleration of a car.

How long does it take a car to cross a 30.0-m-
wide intersection after the light turns green, if
the car accelerates from rest at a constant 2.00

m/s?2?

a = 2.00 m/s2 a =2.00 m/s2
= sEE

Xg=0 X =

= 30.0 m
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2-6 Solving Problems
Example 2-11: Air bags.

Suppose you want to design an air bag system
that can protect the driver at a speed of 100
km/h (60 mph) if the car hits a brick wall.
Estimate how fast the air bag must inflate to
effectively protect the driver. How does the
use of a seat belt help the driver?
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2-6 Solving Problems

Example 2-12: Braking distances.

Estimate the minimum stopping distance for a car. The
problem is best dealt with in two parts, two separate time
Intervals. (1) The first time interval begins when the driver
decides to hit the brakes, and ends when the foot touches
the brake pedal. This is the “reaction time,” about 0.50 s,
during which the speed is constant, so a =0.

=i

=@ Travel during — §Oe=—ig)=
lreaction time
| |

Travel during
braking

v = constant = 14 m/s v decreases from 14 m/s to zero
r=050s a = —6.0 m/s2
a =10
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2-6 Solving Problems

Example 2-12: Braking distances.

(2) The second time interval is the

actual braking period when the BT
vehicle slows down (a # 0) and comes 07T
to a stop. The stopping distance
depends on the reaction time of the T
driver, the initial speed of the car (the © o5 10 1520 23
final speed is zero), and the

acceleration of the car. Calculate the
total stopping distance for an initial
velocity of 50 km/h (= 14 m/s = 31
mi/h) and assume the acceleration of
the car is -6.0 m/s? (the minus sign 0

v (m/
M = O\ oo

1 |

1 |

T 05 10 15 20 25
appears because the velocity is taken £ (s)

to be in the positive x direction and
Its magnitude is decreasing).

Copyright © 2009 Pearson Education, Inc.



2-6 Solving Problems
Example 2-13: Two moving objects: Police and speeder.

A car speeding at 150 km/h passes a still police car
which immediately takes off in hot pursuit. Using
simple assumptions, such as that the speeder
continues at constant speed, estimate how long it takes
the police car to overtake the speeder. Then estimate
the police car’s speed at that moment and decide if the
assumptions were reasonable.

Speeder /S Speeder

|
I
I Police Police
Police I
| I f f

1
0 155 0 0
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2-7 Freely Falling Objects

Near the surface of the Earth, all objects
experience approximately the same acceleration
due to gravity.

This is one of the most
common examples of
motion with constant
acceleration.
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2-7 Freely Falling Objects

In the absence of air
resistance, all objects
fall with the same
acceleration, although
this may be tricky to
o @ ~ tell by testing in an
L L environment where
a8 a8 there is air resistance.
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2-7 Freely Falling Objects

- — The acceleration due to
S S .

a0 | ) gravity at the Earth’s

‘ surface is approximately

‘ 9.80 m/s?. At a given
l location on the Earth and
‘“ in the absence of air
® resistance, all objects fall
with the same constant
Air-filled tube Evacuated tube acc el er at| on.
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2-7 Freely Falling Objects

Acceleration
duego -
gravit 5™y
i Jija}r' - I____} 0 -
Il [(Aﬂ;@;%&) Example 2-14: Falling from
| V= 196m a tower.
+y (After 2.00 s) .
Suppose that a ball is

asdim dropped (v, = 0) from a
T tower 70.0 m high. How far
will it have fallen after a
timet; =1.00s,t,=2.00s,
and t; = 3.00 s? Ignore air

ol resistance.
E._
Z 20T
10—
O 1 2 3
t(s)
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2-7 Freely Falling Objects

Example 2-15: Thrown down from a tower.

Suppose a ball is thrown downward with an
initial velocity of 3.00 m/s, instead of being
dropped. (a) What then would be its position
after 1.00 s and 2.00 s? (b) What would its speed
be after 1.00 s and 2.00 s? Compare with the
speeds of a dropped ball.



2-7 Freely Falling Objects

B(v=0)
|

Example 2-16: Ball thrown
8 upward, I.

o

A person throws a ball upward
‘v Into the air with an initial

velocity of 15.0 m/s. Calculate

(a) how high it goes, and (b)
now long the ball is Iin the air
pefore it comes back to the
nand. Ignore air resistance.

s
E—

G_____—_-__________—_

0—————————_—_—_——————-—

>
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2-7 Freely Falling Objects

Conceptual Example 2-17: Two possible
misconceptions.

Give examples to show the error in these two

common misconceptions: (1) that acceleration
and velocity are always in the same direction,

and (2) that an object thrown upward has zero
acceleration at the highest point.
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2-7 Freely Falling Objects

B(v=0)

]

Example 2-18: Ball thrown
upward, Il.

o

Let us consider again a ball
l'” thrown upward, and make more
calculations. Calculate (a) how
much time it takes for the ball to
reach the maximum height, and
- (b) the velocity of the ball when it
returns to the thrower’s hand
(point C).

s
E—

G_____—_-_—________—_

0—————————_—_—_——————-—

>
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2-7 Freely Falling Objects

Example 2-19: Ball thrown upward, lll; the
guadratic formula.

For a ball thrown upward at an initial speed of
15.0 m/s, calculate at what time t the ball
passes a point 8.00 m above the person’s
hand.

12

10 15
10
8
- 5
- = tr=1.53s
E 6 2 0 <
= 2
_](:) Ny
0 =20

0 05 1 15 2 25 3 35 0 05 1 15 2 25 3 35
f(s) 1(s)
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2-7 Freely Falling Objects

Example 2-20: Ball thrown upward at edge of
cliff.

Suppose that a ball is thrown
upward at a speed of 15.0 m/s by a
person standing on the edge of a
cliff, so that the ball can fall to the
base of the cliff 50.0 m below. (a)
How long does it take the ball to
reach the base of the cliff? (b) What
IS the total distance traveled by the
ball? Ignore air resistance (likely to
be significant, so our result is an
approximation).
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2-8 Variable Acceleration; Integral
Calculus

Deriving the kinematic equations through
Integration:

dv = adt

v [
J dy = J a dt.
V=7, (=0

For constant acceleration,

vV — vy = dal.
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2-8 Variable Acceleration; Integral

Calculus
Then: dx = vdt
= (v, + at)dt

[ac = [0+ ana

For constant acceleration,

X — Xg = Pyl + %atz.
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2-8 Variable Acceleration; Integral
Calculus

Example 2-21: Integrating a time-varying
acceleration.

An experimental vehicle starts from rest
(vo = 0) at t = 0 and accelerates at a rate
given by a = (7.00 m/s3)t. What is (a) its
velocity and (b) its displacement 2.00 s
later?
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2-9 Graphical Analysis and
Numerical Integration

v

The total displacement of an
object can be described as the
area under the v-t curve:

Xy — X1 — hm 2611 AZ}

At—0

- qu(r) dt.

1
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2-9 Graphical Analysis and
Numerical Integration

Similarly, the velocity may be written as the area
under the a-t curve.

However, if the velocity or acceleration is not
Integrable, or is known only graphically,
numerical integration may be used instead.
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2-9 Graphical Analysis and
Numerical Integration

Example 2-22: Numerical integration.

An object starts from rest at t = 0 and accelerates
at a rate a(t) = (8.00 m/s*)t2. Determine its velocity
after 2.00 s using numerical methods.

a (m:’sz)
32.007T

24.00 T

16.00 7

8.00T

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

I
I
2f
I
I
I
I
I
I
|

0

—1(s)

1 1
0.50 1.00 1.50 2.00
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Summary of Chapter 2

e Kinematics is the description of how objects
move with respect to a defined reference frame.

e Displacement is the change in position of an
object.

e Average speed is the distance traveled divided
by the time it took; average velocity is the
displacement divided by the time.

e Instantaneous velocity is the average velocity
In the limit as the time becomes infinitesimally
short.
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Summary of Chapter 2

 Average acceleration is the change in velocity
divided by the time.

e Instantaneous acceleration is the average
acceleration in the limit as the time interval
becomes infinitesimally small.

 The equations of motion for constant acceleration
are given in the text; there are four, each one of
which requires a different set of quantities.

* Objects falling (or having been projected) near the
surface of the Earth experience a gravitational
acceleration of 9.80 m/s?.
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