Chapter 2

Motion Along a Straight Line
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WILEY

2-1 Position, Displacement, and Average Velocity

Learning Objectives
2.01 ldentify that if all parts of 2.04 Apply the relationship

an object move in the same between a particle's average

direction at the same rate, velocity, its displacement,

we can treat it as a (point- and the time interval.

iike) particle. 2.05 Apply the relationship
2.02 ldentify that the position between a particle's average

of a particle is its location on speed, the total distance it

a scaled axis. moves, and the time interval.
2.03 Apply the relationship 2.06 Given a graph of a

between a particle's particle's position versus

displacement and its initial time, determine the average

and final positions. velocity between two times.
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WILEY

2-1 Position, Displacement, and Average Velocity

* Kinematics is the classification and comparison of
motions

* For this chapter, we restrict motion in three ways:

1. We consider motion along a straight line only
2. We discuss only the motion itself, not the forces that cause it
3. We consider the moving object to be a particle

* A particle is either:

* A point-like object (such as an electron)

* Or an object that moves such that each part travels in the
same direction at the same rate (no rotation or stretching)
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WILEY

2-1 Position, Displacement, and Average Velocity

* Position is measured relative to a reference point:
- The origin, or zero point, of an axis
* Position has a sign:

- Positive direction is in the direction of increasing numbers
- Negative direction is opposite the positive

Positive direction

Negative direction
| | | | | L x (m)

|
-3 -2 =1 0 1 2 3
Origin/

Figure 2-1

4 John Wiley
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WILEY

2-1 Position, Displacement, and Average Velocity

* Achange in position is called displacement

- Ax is the change in x, (final position) — (initial position)

A ot — Xoi ity Eq. (2-1)

Examples A particle moves. ..

From x=5mto x=12m: Ax =7 m (positive direction)
From x =5 mto x =1 m: Ax = -4 m (negative direction)
Fromx=5mtox=200mtox=5m: Ax=0m

* The actual distance covered is irrelevant
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WILEY

2-1 Position, Displacement, and Average Velocity

* Displacement is therefore a vector quantity

- Direction: along a single axis, given by sign (+ or -)

- Magnitude: length or distance, in this case meters or feet
* Ignoring sign, we get its magnitude (absolute value)

- The magnitude of Ax=-4 mis 4 m.

E Checkpoint 1

Here are three pairs of initial and final positions, respectively, along an x axis. Which
pairs give a negative displacement: (a) —3 m, +5 m;(b) =3 m, =7 m; (¢) 7 m, —3 m?

Answer: pairs (b) and (c)
(b)-Tm--3m=-4m (c)-3m-7"m=-10m
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WILEY

2-1 Position, Displacement, and Average Velocity

* Average velocity is the ratio of:

- Adisplacement, Ax
To the time interval in which the displacement occurred, At

_ Ax . AT Eq. (2-2)

s
A LY =7

* Average velocity has units of (distance) / (time)

Meters per second, m/s
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WILEY

2-1 Position, Displacement, and Average Velocity

* On a graph of x vs. t, the average velocity is the slope
of the straight line that connects two points

* Average velocity is therefore a vector quantity

- Positive slope means positive average velocity

- Negative slope means negative average velocity

Vavg = slope of this line

_lise_Ax
run  A¢

End of interval

x (m)

This is a graph
of position x 4
versus time & g

2
To find average velocity, 1
first draw a straight line, 0
start to end, and then -

find the slope of the
line.

Start of interval
Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

Figure 2-4
This vertical distance is how far
it moved, start to end:
Ax=2m- (-4 m)=6m

This horizontal distance is how long
it took, start to end:
Al=4s-1s5=3s
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WILEY

2-1 Position, Displacement, and Average Velocity

* Average speed is the ratio of:

The total distance covered
To the time interval in which the distance was covered, At

~ total distance cq. 23

Savg i At

* Average speed is always positive (no direction)

Example A particle movesfromx=3mtox=-3min?2
seconds.

- Average velocity = -3 m/s; average speed = 3 m/s
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2-2 Instantaneous Velocity and Speed

Learning Objectives
2.07 Given a particle's position 2.08 Given a graph of a

as a function of time, particle's position versus
calculate the instantaneous time, determine the
velocity for any particular iInstantaneous velocity for
time. any particular time.

2.09 Identify speed as the
magnitude of instantaneous
velocity.
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2-2 Instantaneous Velocity and Speed

* Instantaneous velocity, or just velocity, v, is:
- At a single moment in time
Obtained from average velocity by shrinking At

The slope of the position-time curve for a particle at an
instant (the derivative of position)

- A vector quantity with units (distance) / (time)

The sign of the velocity represents its direction

e =5 (24
Ar—0 At dt
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2-2 Instantaneous Velocity and Speed

* Speed is the magnitude of (instantaneous) velocity

Example A velocity of 5 m/s and -5 m/s both have an
associated speed of 5 m/s.

IZ Checkpoint 2

The following equations give the position x(¢) of a particle in four situations (in each
equation, x is in meters, ris in seconds,and t > 0): (1) x = 3t — 2;(2) x = —4¢*> — 2;

(3) x = 2/t*;and (4) x = —2.(a) In which situation is the velocity v of the particle con-
stant? (b) In which is v in the negative x direction?

Answers:

(a) Situations 1 and 4 (zero)
(b) Situations 2 and 3
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2-2 Instantaneous Velocity and Speed

. Example * The graph shows the
% bl position and velocity of an
= s elevator cab over time.
3. L ﬂ‘ * The slope of x(t), and so
| aci=30; | also the velocity v, is zero
. BRI from O to 1 s, and from 9s
o1 2 8 A4 5 61 7 8 9 " n
{T;;m'. ol . Slopﬁs -::rn| thexve;sustgraph ) on.
v 2}05;;] are the values on t evverSusrgraa. Dunng the |nterva| bC’ the
, \ | slope is constant and

nonzero, so the cab moves
with constant velocity (4
m/s).

Velocity (m/s)

() s - !
0 1 2 3 -+ s 5] T B 9
Time (s)

(b)
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Figure 2-6
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2-3 Acceleration

Learning Objectives

2.10 Apply the relationship 2.12 Given a graph of a
between a particle's average particle's velocity versus
acceleration, its change in time, determine the
velocity, and the time interval Instantaneous acceleration
for that change. for any particular time and

the average acceleration
between any two particular
times.

2.11 Given a particle's velocity
as a function of time,
calculate the instantaneous
acceleration for any
particular time.

© 2014 John Wiley & Sons, Inc. All rights reserved.



2-3 Acceleration

* Achange in a particle's velocity is acceleration

* Average acceleration over a time interval At is

v, — vy Av

Eq. (2-7)
t2 _ tl At

aavg s

* Instantaneous acceleration (or just acceleration), a,
for a single moment in time is:

- Slope of velocity vs. time graph

v
dt

Eq. (2-8)
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2-3 Acceleration

* Combining Egs. 2-8 and 2-4:

dv d ( dx ) d?x
a = — Eq. (2-9)
dt dt?

dr  dt

* Acceleration is a vector quantity:

- Positive sigh means in the positive coordinate direction
- Negative sigh means the opposite

- Units of (distance) / (time squared)
A%

." If the signs of the velocity and acceleration of a particle are the same, the speed

of the particle increases. If the signs are opposite, the speed decreases.
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2-3 Acceleration

Example If a car with velocity v = -25 m/s is braked to a
stop in 5.0 s, then a = + 5.0 m/s2. Acceleration is
positive, but speed has decreased.

* Note: accelerations can be expressed in units of g

1g = 9.8 m/s? (g unit) Eqg. (2-10)

IZ Checkpoint 3

A wombat moves along an x axis. What is the sign of its acceleration if it is moving
(a) in the positive direction with increasing speed, (b) in the positive direction with
decreasing speed, (¢) in the negative direction with increasing speed, and (d) in the
negative direction with decreasing speed?

Answers: (a)+ (b)- (c)- (d)+

© 2014 John Wiley & Sons, Inc. All rights reserved.



2-3 Acceleration

Example
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Figure 2-6

The graph shows the velocity
and acceleration of an elevator
cab over time.

When acceleration is 0 (e.g.
interval bc) velocity is constant.

When acceleration is positive
(ab) upward velocity increases.

When acceleration is negative
(cd) downward velocity
decreases.

Steeper slope of the velocity-
time graph indicates a larger
magnitude of acceleration: the
cab stops in half the time it
takes to get up to speed.
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2-4 Constant Acceleration

Learning Objectives
2.13 For constant acceleration, 2.14 Calculate a particle's

apply the relationships change in velocity by
between position, velocity, iIntegrating its acceleration
acceleration, and elapsed function with respect to time.

time (Table 2-1). 2.15 Calculate a particle's

change in position by
Integrating its velocity
function with respect to time.
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2-4 Constant Acceleration

* In many cases

acceleration is constant, _, ()
or nearly so.

* For these cases, 5 0 S‘T .
n n opes of the position grap
S peCIaI eq uatlons Can are plotted on the velocity graph.
be used.

acceleration means a

* Note that constant
velocity with a constant
e Slope of the velocity graph is
Slope, and a pOS|t|0n plotted on the acceleration graph.
with varying slope
(unless a = 0).

Position

t

Velocity

(b) 0 £

a(l)
Slope =0

i

Acceleration

(o)
F I g u re 2 -9 Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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2-4 Constant Acceleration

* First basic equation

When the acceleration is constant, the average and
Instantaneous accelerations are equal

Rewrite Eq. 2-7 and rearrange

V — V)
ad = duye = i — 0 | VO + at Eq. (2-11)

* This equation reducestov =v_ fort=20

* |ts derivative yields the definition of a, dv/dt
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2-4 Constant Acceleration

* Second basic equation

Rewrite Eq. 2-2 and rearrange
X, ~— xO

1
Average = ((initial) + (final)) [ 2:  Vaye = 3 (VO + V)
Substitute 2-11 into 2-13 Eq. (2-13)

1
Vavg = Vo T 70 Eq. (2-14)

Substitute 2-14 into 2-12

X — Xy = vt + ;at? Eq. (2-15)

© 2014 John Wiley & Sons, Inc. All rights reserved.



2-4 Constant Acceleration

* These two equations can be obtained by integrating a
constant acceleration

* Enough to solve any constant acceleration problem
Solve as simultaneous equations
* Additional useful forms:

V2 = v§ + 2a(x — x;) Eq. (2-16)

X — Xg = %(Vo + V)t Eq. (2-17)

1 _
X — Xy = vt — at* Eq. (2-18)
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2-4 Constant Acceleration

Table 2-1 Equations for Motion with
) Table 2-1 ShOWS the 5 Constant Igcceleration“

equations and the , -
" . . Equation Missing
guantities missing from Niifibat Equation Quantity

them- 2-11 v=v,+tat B — X

2-15 X — xo = vt + 1at? v

2-16  vi=v3+ 2a(x — x;) t

Table 2-1 2-17 x — xo = 2(vy + V)t a

2-18 X — Xo = vt — zat? Vo

“Make sure that the acceleration is indeed
constant before using the equations in this table.

M Checkpoint 4

The following equations give the position x(¢) of a particle in four situations: (1) x =
3t — 4;(2) x = =5 + 42 + 6;(3) x = 2/t2 — 4/t;(4) x = 5t> — 3.To which of these
situations do the equations of Table 2-1 apply?

Answer: Situations 1 (a = 0) and 4.
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2-5 Free-Fall Acceleration

Learning Objectives

* 2.16 ldentify that if a particle
is in free flight (whether
upward or downward) and if
we can neglect the effects of
air on its motion, the particle
has a constant downward
acceleration with a
magnitude g that we take to
be 9.8m/s.

* 2.17 Apply the constant
acceleration equations (Table © Jim Sugar/CORBIS
2-1) to free-fall motion. Figure 2-12
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2-5 Free-Fall Acceleration

* Free-fall acceleration is the rate at which an object
accelerates downward in the absence of air
resistance

Varies with latitude and elevation
Written as g, standard value of 9.8 m/s?

Independent of the properties of the object (mass,
density, shape, see Figure 2-12)

* The equations of motion in Table 2-1 apply to objects
in free-fall near Earth's surface

In vertical flight (along the y axis)
Where air resistance can be neglected

© 2014 John Wiley & Sons, Inc. All rights reserved.



2-5 Free-Fall Acceleration

* The free-fall acceleration is downward (-y direction)

- Value -g in the constant acceleration equations
%

"' The free-fall acceleration near Earth’s surface is a = —g = —9.8 m/s?, and the
magnitude of the acceleration is g = 9.8 m/s?. Do not substitute —9.8 m/s? for g.

|ZI Checkpoint 5

(a) If you toss a ball straight up, what is the sign of the ball’s displacement for the ascent,
from the release point to the highest point? (b) What is it for the descent, from the high-
est point back to the release point? (¢) What is the ball’s acceleration at its highest point?

Answers:

(a) The sign is positive (the ball moves upward); (b) The sign is negative
(the ball moves downward); (c) The ball's acceleration is always -9.8
m/s? at all points along its trajectory
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2-6 Graphical Integration in Motion Analysis

Learning Objectives

2.18 Determine a particle's 2.19 Determine a particle's
change in velocity by change in position by
graphical integration on a graphical integration on a
graph of acceleration versus graph of velocity versus time.
time.

a Area

This area gives the
change in velocity.

This area gives the
| change in position.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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2-6 Graphical Integration in Motion Analysis

* Integrating acceleration:

Given a graph of an object's acceleration a versus time t,
we can integrate to find velocity

* The Fundamental Theorem of Calculus gives:

b
Vi — Vg = f a dt Eq. (2-27)
t

0

* The definite integral on the right can be evaluated
from a graph:

4 area between acceleration curve
adt =
l

; : Eq. (2-28)
and time axis, from #,to f;
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2-6 Graphical Integration in Motion Analysis

* Integrating velocity:

Given a graph of an object's velocity v versus time t, we
can integrate to find position

* The Fundamental Theorem of Calculus gives:

h
X| — Xy = f v dt Eq. (2-29)
{

0

* The definite integral on the right can be evaluated
from a graph:

t .
f L — (area between velocity curve) Eq. (2-30)
ly

and time axis, from ¢, to
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2-6 Graphical Integration

In Motion Analysis

Example

100
Head

-
50
Torso

a (m/s?)

(a) 0 40 80 120 160
{ (ms)

The total area gives the
change in velocity.

I
I
| o~
Re
I

(b)

I 1 {
40 100 110

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

* The graph shows the
acceleration of a person's
head and torso in a whiplash
Incident.

* To calculate the torso speed
att=0.110 s (assuming an
initial speed of 0), find the
area under the pink curve:

areaA=0
area B = 0.5 (0.060 s) (50 m/s?) = 1.5 m/s
area C = (0.010 s) (50 m/s?) = 0.50 m/s

total area = 2.0 m/s
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2 Summary

Position Displacement
. Relative to origin . Change in position (vector)
. P.ositiye and negative Ax = X, — X Eq. (2-1)
directions
Average Velocity Average Speed
. Displacement / time (vector) . Distance traveled / time
Ax Xy — X total distance
- = Eq. (2-2 - ;
Vave = A— q. (2-2) Save v Eq. (2-3)
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2 Summary

Instantaneous Velocity
. At a moment in time

. Speed is its magnitude

v = lim L
At—0 At dt

Eq. (2-4)

Instantaneous Acceleration

. First derivative of velocity

. Second derivative of position

_dv

— Eq. (2-8)
T ar

Average Acceleration

. Ratio of change in velocity to
change in time

_ Va2V Av Eq. (2-7)

a =
e L= At

Constant Acceleration

. Includes free-fall, where
a = -g along the vertical axis

Missing
Quantity

Equation

Number Equation

2-11 v=v,+at X — X
2-15 x — xo = vt + lat? v
2-16  v2 =v3+ 2a(x — x;) t
2-17 x — xg = Yvo + V)t a
2-18 x — X = vt — af? Vg

Tab. (2-1)
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