Chapter 2

Motion along a straight line
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In this chapter we will study kinematics, the description of the motion.
l.e., how objects move along a straight line.

The following parameters will be defined:
Displacement 4sl )Y

Average velocity alas giall 4c yull
Average speed adars glall 4p002l) 4yl
Instantaneous velocity — 4:alll 4c il

Average and instantaneous acceleration sl 5 o sidll & Ll

Lec.110 Noorah AIAhmadi



Motion

We will assume that the moving objects are “particles,” i.e., we restrict our discussion to
the motion of objects for which all the points move in the same way.

The causes of the motion will not be investigated.

Consider an object moving along a straight line

Positive direction taken to be the x-axis. The object’s position at any
— time tis described by its coordinate x(/) defined
Negative direction with respect to the origin O. The coordinate x can

| | | | | |
-3 -2 -1 0 1 2

5 ¥(m) be positive or negative depending whether the
object is located on the positive or the negative
part of the x-axis.

Orlgm
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Displacement

If an object moves from position x; to position x, , the change in position is
described by the displacement :

AX=X, =%

For example if ;=5 m and x, =12 mthen Ax=12 -5 =7 m. The positive
sign of Ax indicates that the motion is along the positive x-direction.

If instead the object moves from x; =5m and x, =1 mthenAx=1-5=-4m.
The negative sign of Axindicates that the motion is along the negative x-

direction.
Displacement is a vector quantity that has both magnitude and direction.

Positive direction
-
-
Negative direction
| I | | 1 | L x (m)
-3 =2 41 0 1 2 3

Origin

ac shiall HUaY) 22e e B yaky ALY 5 Al aia gall 48 jaa llat as) HY)
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Average Velocity

Average velocity, or v, is defined as the displacement over the time duration.

avg?

v CAX X, =X
WOOAt Ot -t

Here x, and x; are the positions x(£) and x(f), respectively.

The time interval Azis defined as Af= ¢, — £.

Average velocity is a vector quantity that has both magnitude and
direction.

The units of v, are m/s.

avg

Lec.110 Noorah AIAhmadi



2.4 Average Velocity

The magnitude of the slope of the x-t graph gives the average velocity

v _AX XX S
WOOAL -t
4
3 Vg = Slope of this line
X2 2 At
1
0 3 t(s)

'/ it moved, start to end:

|

|

|

1

I L L .

| This verucal distance is how far
|

i Ax=2m=(=tm)=6m
|
|
|
1

X1 -4

Start of interval -—+—
This horizontal distance is how long
it took, start 1o end:
At=4s<-1s=3s

=2 m/s

Here, the average velocity is: Vag = A - 2;(_14) - Zm
t,—t, - >
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Average Speed

The average speed is defined in terms of the total distance traveled in a time

interval Az (and not the displacement Ax as in the case of ).

_ total distance
Savg - At

The average speed does not include direction.
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Instantaneous Velocity

In order to describe how fast an object moves at any time #we introduce the
notion of instantaneous velocity v. Instantaneous velocity is defined as the limit
of the average velocity determined for a time interval Afas we let Af— O.

X(m)

el

. AX  dx ,
lim =

v= lim —=— | )
At—0 At dt s

t(s)

-
b
Tad
NIV IORT .| S |

From its definition instantaneous velocity is the first derivative
(Js¥) Jalidll) of the position coordinate x with respect to time.

Speed

We define speed as the magnitude of an object’s velocity vector.
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Average Acceleration

We define the average acceleration a,,, between 4 and £ as:

V,—Vv, Av
a‘avg o —
t,—-t At

The Sl units for acceleration are m/s?
Instantaneous Acceleration
If we take the limit of a,,, as Af— 0 we get the instantaneous

acceleration a, which describes how fast the velocity is
changing at any time ¢

~dv o dv d(dx) d%
Cdt’ dt dt\dt) dt’

a

Note: If a particle has the same sign for velocity and acceleration, then that

particle is speeding up.
Conversely, if a particle has opposite signs for the velocity and acceleration,
then the particle is slowing down.
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Sample Problem 2-3:

The position of a particle moving on an x axis is given by
x=78+92-21¢F, (2-5)

with x in meters and  in seconds. What is its velocity at
t =3.55? Is the velocity constant, or is it continuously
changing?

Velocity is the first derivative (with respect
to time) of the position function x{1).

Calculations: For simplicity, the units have been omit-
ted from Eq. 2-5, but you can insert them if you like
by changing the coefficients to 7.8 m, 9.2 mfs, and

Lec.110

~2.1 m/s’. Taking the derivative of Eq. 2-5, we write

y= %:— = %(7.8 +92 - 2.18),
which becomes
p=0+92-(3)21)F=92-63F (2:6)
Att=35s,
v=92-(63)(3.5) = -68m/s. (Answer)

At =355 the particle is moving in the negative direc-
tion of x (note the minus sign) with a speed of 68 m/s.
Since the quantity ¢ appears in Eq. 2-6, the velocity v
depends on rand so is continuously changing.
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Displacement: |[AX=X, —X

=AU )a ad L yadla

Average Velocity: |y — AX X=X
WALt -t
Average Speed: _ total distance
™ At
Instantaneous Velocity: |y = %
dt
Average Acceleration: N Vo T V1 _ AV
Yot -t At
dv

Instantaneous Acceleration:

Lec.110

dv_d(dx) d’x
dt dt\dt) dt’
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Sample Problem 2-4:

L IX=4-=2Tt+1°
A particle’s position on the x axis is given by The position:
x=4-=-2Tt+10,
with x in meters and ¢ in seconds. dx

The velocity: V=0

Because position x depends on time (, the particle must
be moving. Find the particle’s velocity function v(f) and ac-
celeration function a(r).

v=-27+3t°

The acceleration: |2~ at
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2.7 Constant acceleration

When the acceleration is constant, its average an instantaneous values
are the same.

a_g AV _V-V V-V meansthat | v=vo+at| - (1)
MOAt t,-t t -0 <

The velocity at t=0 is the initial velocity (v,) and v is the final

Similarly, Vu, =—2—t=>"% . 1
Yo Yae =7 T 1 0 which means tha x = xg + v,,,t. where v, =5

0

finally leading to| x — xp = vt + zar® | ...... (2)

Eliminating t from the Equations (1) and (2): =Y ~Y%

vZ = v + 2a(x — xp). | =eeeee (3)
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Substituting a from equation (1) into equation (2):

1
v=votat.| (1) | x — xo= vt +zat2 | (2) We get, X=X =§(Vo +V)t|  (4)

Substituting v, from equation (1) into equation (2):

Then, [X—X, =Vt—%at2 (5)

Equations for Motion with Constant Acceleration®
Equation Missing
Number Equation Quantity
2-11 v=y,+at X =Xo
2-15 X —Xxg=vwl + %at2 v

2-16 vZ = v + 2a(x — xp) t

2-17 X—Xg= é(vo + vt a

2-18 x — xo = vt — 3af? Vo
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CHECKPOINT 4 The following equations give the position
x(1) of a particle in four situations: (1) x = 3¢ — 4: (2) x = —5¢% + 472

+6;(3) x = 2/t* — 41, (4) x = 5¢> — 3.To which of these situations do
the equations of Table 2-1 apply?

(1) x=3t-4 (2)  x=—5t3+4t2
X=3t-4 X = —5t° + 4t?
V=3 v=-15t> +8t
a=0 a=-30t+8
The acceleration is constant.
® y-2_4 () x=5t-3
é[ 4{ X =5t -3
2t v =10t
X=2t" -4t a=10
V=—4t7 44t

Lec.110 g_12t* _gt

TABLE 2-1

Equations for Motion with Constant Acceleration®

Equation Missing
Number Equation Quantity
2-11 v=y,+at X — X
2-15 x — Xy = vt + Jat? v
2-16 vZ = v} + 2a(x — xp) t
2-17 X=X = ;(vo + v)t a
2-18 x — xo = vt — 3ar® Vo

The acceleration is constant.
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. Sample Problem 2-5:
The head of a woodpecker is moving forward at a speed
of 7.49 m/s when the beak makes first contact with a tree o o
llﬂ]b The beak SIOpS a flCl‘ penelraling (hC hmb by 1 87 Equat.lons for Motion with Constant Acceleration
mm. Assuming the acceleration to be constant, find the  Xinper g

Equation Quantity
acceleration magnitude in terms of g. 211 v=vy+at o
2-15 x — Xo = ot + 3af? v
C . : _ 2 2-16 vZ = v} + 2a(x — xp)
The initial velocity V,=7.49 m/s 54 gz Uy il a
2-18 x — xg = vt — 3af? Vo

X-X0=1.87 mm=1.87x 103 m

Because he stops, the final velocity=0

In this problem we do not know the time, so the only equation we can use is (2-16)

vi=v; +2a(x—x,)

0=(7.49)° +2a(1.87x10°)

a=-1.5x10* m/s®

4
8_1949 _155x10° | mmmmmp [a=153x10° g
9
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Free Fall

Close to the surface of the Earth all objects move toward the center of the Earth
with an acceleration whose magnitude is constant and equal to 9.8 m/s2. We
use the symbol gto indicate the acceleration of an object in free fall.

Lec.110

If we take the y~axis to point upward then the
acceleration of an object in free fall a = -g and the
equations for free fall take the form:

V=V, —qgt (1)
y = .\/0+vot—g7t2 (2)
Vi-vo =-29(y-v,) (3
VY H @
Y-V, :vt—%at2 (5)

Note., the velocity can be positive (upward motion from point
Ato point B). It is momentarily zero at point B. The velocity
becomes negative on the downward motion from point Bto

int A. )
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Sample proble

In Fig. 2-11, a pitcher tosses a baseball up along a y axis, with

m 2-8

an initial speed of 12 m/s.

(a) How long does the ball take to reach its maximum

l‘;‘"' _y
v=>0at

height?

highest point

During ascen
- gy,

speed decreases,

and velocity
becomes less
positive
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1

1

1

1

: increases,
1

! becomes
* more

: negative
|

i

n]

'y

!

' |

' |

- 1

I \

| |

: "~ During

‘ descent,
L am=g

\1' speed

:

I

|

I

I

I

I

I

oL

and velocity

TABLE 2-1

Equations for Motion with Constant Acceleration®

Equation Missing
Number Equation Quantity
2-11 v=v,+ at X=Xg
2-15 x — X = vot + 3082 v

2-16 vZ = v} + 2a(x — x,)
2-17 X —x= %(v,, + vt a
2-18 x — xo = vt — 3af? Vo

The initial velocity =12 m/s.

At maximum point v=0.

The time at the highest point="?
Use (2-11):

V=V, _+at

v—-v, 0-12
a 9.8

t= 1.2s
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(b) What is the ball’s maximum height above its release
po int™ Equations for Motion with Constant Acceleration®

lhll—/\, _',_

W Equation Missing
v=0at—" ' N i z
highest point || umber Equation Quantity

! 2-11 v=y,+at X=X

H

‘! 2-15 X — Xy = vt + sa* v

§- Z

N 216 v = vh + 2a(x = xo)

| H |

: ' [ During 2-17 x = x9=3(vo + V)t a

‘: descent, 2-18 XXy = V= %atz Vo
During ascent, ~! I :’p::"li'
:;;.;‘i"(h.m_;m_‘. : : Increases. (c) How long does the ball take to reach a point 5.0 m above
and velocity : and velocity its release point?
becomes less [ becomes 1

Eoln | ore

positive ,' m 2

i ! negative — =V t — t

. Y=Yo=%t=59

|

1
= v t—= gt

5— (12)t —%(Q.S)tz

4.9t° —12t+5=0
0=v; -2g(y) f jl T

ax’ +bx+c=0

0=(12)*-2(9.8)(y) . _b++/b? —4ac
- 2a

t=053s and t=19s

y=73 m
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