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Introduction

Mechanics: 1s the branch of physics that studies the motion of objects and the forces
acting on them.

. |:It 1s divided into three main branches:
AL Statics — Study of objects at rest. Uﬁ—
Example: A book resting on a table.

<77, Kinematics — Study of the motion of objects without considering the forces
causes the motion.

oo

Topics: Distance, displacement, speed, velocity, acceleration

V,r

3. Dynamics — Study of motion along with forces that produce it.

Topics: Newton’s laws of motion, friction, work, energy, power, momentum.
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2-1Reference Frames and Disp

It 1s a coordinate system from which the position and motion of an object are

observed and measured.

FIGURE 2-2 A person walks toward the front of a train at 5 km/h.
. The train is moving 80 km/h with respect to the ground, so the
Example‘ walking person’s speed, relative to the ground, is 85 km/h.

* The train 1s moving at 80 km/h relative to the ground. — ’j D -[ JE }® N —
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FIGURE 2-3 Standard set of xy

coordinate AXC8, sometimes L

* A person walks past you toward the front of the train at 5 km/h.

(, A

* So, the person's speed with respect to the train 1s 5 km/h.

¢

* Since the person and train are moving in the same direction, their speeds areUD‘ M

added. .ﬁ"‘" ‘A x x

* The person’s speed with respect to the ground 1s 80+5 = 85 km/h.
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*  When describing the motion of an object, we should mention its direction.

itommn
* For one-dimensional motion x axis as the line along which the motion takes ' . ’
place. The position of an object 1s given by x coordinate. Jx

* If the motion 1s vertical, we use y axis.



2-1Reference Frames and Displacement

* Distance: Total length the object travels. It is a scalar. It cannot be zero or negative.

* Displacement. Change in position of the object. It could be zero or negative.

o [tis a vector — has magng' ude and dil:e.c’tion.
O S

A person walking 70 m{o the east and then turning around and walking back(west)

a distance of 30 m.

Total distance traveled 1s 100 m.

» X 7
W

: : o 10 20 30 40
DlSplaCemeIlt IS 40 m. Distance (m)
* The motion of an object over a particular time interval 1s represented as follows:
The object 1s on x axis, at time t; the position 1s x; and
at time t, the position 1s x, oo
. ) E-— Ax —i |
Displacement AX = x,-X;. (A (delta) means change 1n 0 10 20 3 4
Distance (m)

Example 1: x; = 10.0 m and x, = 30.0 m Ax =30-10 =20 m
Example 2: x; =30.0 m and x, = 10.0 mAx=10-30=-20 m



Qe )..Jl —BA _5:-0 2-2 Average Velocity

Speed: How far an object travels in a given time intgrv
) =~ ' :
% 601 S 99 Lug)
Average Speed = ————— -~
time elapsed § ~
Velocity: How fast an object 1s moving and also the direction }n \zhich it 1s moving. It 1s a vector. Unit: m/s
) .‘ S

» ‘ 4 [ ‘
@ N

al. It 1s a scalar. Un_iy m/s

_ displacement final position —initial position x;—x1 Ax

Average Velocity U=

time elapsed time elapsed to—tq At

* Average speed and average velocity have the same magnitude when the motion 1s all in one direction.
* Average speed 1s not necessarily equal to the magnitude of the average velocity.

* In one dimensional motion the average velocity 1s positive for an object moving to the right along the x

ax1s and negative when the object moves to the let. iom : ey 1M
, Dishnce z\o+2

A 7 cinB OisplCrent = 4

= 10=2=83mM
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Example Problem 2-1

EXAMPLE 2-1| Runner’s average velocity. The position of a runner 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; = 50.0m to x, = 30.5m, as

FIGURE 2-7 Example 2-1. shown 1n Fig. 2—7. What 1s the runner’s average velocity?
A person runs from x; = S0.0m APPROACH We want to find the average velocity, which is the displacement
to x; = 30.5m. The displacement divided by the elapsed time
is —19.5 m. \ | * '
y SOLUTION The displacement is
Ax = x, — x4
Finish Start = 305m—>500m = —195m.
(xp) (%) The elapsed time, or time 1nterval, 1s given as Af = 3.00s. The average velocity
Ei‘.x j ' (Eq.2-2) is
— N _ A —19.5m
9l 10 20 30 40 50 60 D= = — = —6.50m/s.
Distance (m) At 3.00s
The displacement and average velocity are negative, which tells us that the

runner 18 moving to the left along the x axis, as indicated by the arrow 1in Fig. 2-7.
The runner’s average velocity is 6.50 m/s to the left.




Example Problem 2-2 & 2-3
29\ 5

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?

APPROACH We want to find the distance traveled, so we solve Eq. 2-2 for Ax.
SOLUTION In Eq.2-2, v = Ax/Af, we multiply both sides by Af and obtain
Ax = vAt = (18km/h)(2.5h) = 45km.

EXAMPLE 2-3| Car changes speed. A car travels at a constant 50 km/h for
100 km. It then speeds up to 100 km/h and is driven another 100 km. What is
the car’'s average speed for the 200-km trip?

APPROACH At 50 km/h, the car takes 2.0 h to travel 100 km. At 100 km/h 1t
takes only 1.0 h to travel 100 km. We use the defintion of average velocity, Eq. 2-2.
SOLUTION Average velocity (Eq. 2-2) is

Ax 100 km + 100 km

U= N T ooh+10n - O7km/h

NOTE Averaging the two speeds, (50 km/h + 100 km/h)/2 = 75 km/h, gives
a wrong answer. Can you see why? You must use the definition of v, Eq. 2-2.

X1 _ 100 .
> ° 5o = 2h

V,z2Ho T
X.: joo K




X,‘\-Xa ’OO ‘\"00

€.+t T2 &)

—66.66 KMk




* Velocity at any instant of time 1s known as 1nstantaneous velocity (v).
A

po= lim —
Ar—0 \f

® If the object moves uniform (constant) (Fig. a), velocity during a particular

time 1nterval, then its instantanecous speed 1s always equals the magnitude
of the instantancous velocity. Because distance traveled and the magnitude
of the displacement become the same when they become infinitesimally
small.

* In Fig. b, a car start from rest speed up to 50 km/h, remain at that velocity
for a time then slow down to 20 km/h 1n a traffic jam, and finally stop at 1ts
destination after traveling a total of 15 km 1n 30 min.

A—36—1—5—3»Okm/h

e Average velocity v = = =
5 ty At  0.50

* A car’s speedometer shows its instantaneous speed.

FIGURE 2-9 Velocity of a car as a
function of time: (a) at constant velocity:;
(b) with velocity varying in time.
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* Acceleration: Change 1n velocity over change in time. It 1s a vector. Unit: m/sZ

2-4 Acceleration = —E- (

change invelocity v,—v; Av

« Average acceleration a =

w\W\

* Instantaneous acceleration 1s the average acceleration over an infinitesimally short

time interval vV
a- 9

time elapsed t-—t1 At

' Av
U = im —-
-0 Al

[
[

at

* Deceleration: When an object 1s slowing down 1t 1s known as decelerating.






Example Problem 2-4

EXAMPLE 2-4| Average acceleration. A car accelerates on a straight road from
rest to 75 km/h in 5.0 s, Fig. 2-10. What 1s the magnitude of its average acceleration?

APPROACH Average acceleration 1s the change in velocity divided by the elapsed
time, 5.0 s. The car starts from rest, so v; = 0. The final velocity is v, = 75 km/h.

SOLUTION From Eq. 2-4, the average acceleration 1s

_ v —v  75km/h — Okm/h 15 km/h

- 5.0's S
This 1s read as “fifteen kilometers per hour per second” and means that, on
average, the velocity changed by 15 km/h during each second. That is, assuming,
the acceleration was constant, during the first second the car’s velocity increased
from zero to 15 km/h. During the next second its velocity increased by another

km/h, reaching a velocity of 30km/h at t = 2.0s, and so on. See Fig. 2-10.

Acceleration
FIGURE 2-10 Example 2—4. The car qa = 15 kl;lf’h

1s shown at the start with vy = 0 at
ty = 0. The car 1s shown three more
times, at £ = 1.0s, f = 2.0s, and at
the end of our time interval, 1, = 5.0 s. v
The green arrows represent the
velocity vectors, whose length

represents the magnitude of the
velocity at that moment. The
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at t = 2.0s
v = 30 km/h

acceleration vector 1s the orange

arrow, whose magnitude i1s constant E

and equals 15 km/h/s or 4.2 m/s’

(see top of next page). Distances are al t=1> = 5.05
not to scale. v =1, =75 km/h
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) = 2lm/s

2lm/s = 0.0m/s
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A\ 300 s

m/s

= 2= = 425

m
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* The velocity of an object moving to the right along the positive x axis

Qv L) o
()'9“" By ’w’“" Deceleration —&

* Deceleration does not mean the acceleration 1s negative.

1s positive; 1f the object 1s slowing down the acceleration 1s negative.

0y b V15 4

EXAMPLE 2-6| Car slowing down. An automobile is moving to the right ‘ Acceleration — § s
along a straight highway, which we choose to be the positive x axis (Fig. 2—11). al _U B ?i 0 m/s = —2 0 m/s2

en the driver steps on the brakes. If the initial velocity (when the driver hits o1 = O-U S t - 5 s
the brakes) is v, = 15.0m/s, and 1t takes 5.0 s to slow down to v, = 5.0 m/s, L

*what was the car’s average acceleration? o 1} 5 M

S i . . H[f"!:._.ﬁ
*APPROACH We put the given mitial and final velocities, and the elapsed v, = 5.0 m/s & s

time, into Eq. 2—-4 for a. i— Av

SOLUTION In Eq. 2-4, we call the mitial time ¢, = 0, and set ¢, = 5.0s: -
; | FIGURE 2-11 Example 2-6, “ VY

a = 5.0m/s — 15.0m/s —2.0m/s? showing the position of the car at t .
5.0s times t; and t,, as well as the car’s - ve - u‘
The negative sign appears because the final velocity is less than the initial velocity, Velocity represented b‘* the green & Y
[n this case the direction of the acceleration is to the left (in the negative x direc- arTows. The acceleration vector k

(orange) points to the left because the
car slows down as it moves to the right. e

tion)—even though the velocity 1s always pointing to the right. We say that the
acceleration is 2.0 m/s” to the left, and it is shown in Fig. 2-11 as an orange arrow.

B-15

a:-lnl

R




Deceleration

 If the object 1s moving to the left (decreasing x) and slowing down has positive acceleration that
points to the right.

FIGURE 2-12 The car of
Example 2—-6, now moving to the lefi
and decelerating. The acceleration 1s
a= (v, — v ) /AL, or

(=5.0m/s) — (—15.0m/s)

5.0s

—50m/s + 150m/s 3
S0 = +2.0m/s".

i1 =

vy = =5.0m/s vy = —15.0m/s

e T

Deceleration 1s whenever the magnitude of the velocity 1s decreasing; the velocity and acceleration point 1n

opposite directions when there 1s deceleration
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2-5 Motion at Constant Acceleration®

Acceleration
For motion with constant acceleration a,
0
[ I
First basic equation : .
At
When the acceleration is constant, the average and instantaneous accelerations
are equal
V —V
_ _ "0 v = vy + at
t — 0
Second basic equation v = v+ at a = constant
X = xg + vyt + zaf’ ‘@ = constant]
1 v = v} + 2a(x — x,) (a = constant]
X — X — v0t+§at2 _ vty

o2 |
|

5 [a = constant]

Third basic equation
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—#33‘“,“ 2-7 Freely Falling objects

' « Free fall is the motion of an object In

which it is affected only by the influence
of gravity.

Acceleration due to gravity g = 9.8 m/s2.
In the absence of air resistance all
objects(independent of mass, size ,
shape) fall to earth with constant
acceleration pointing downwards.

If the object Is moving upward, its
velocity at highest point of its motion is
Zero.

If the object Is dropped , its Initial
velocity is zero.

M/Sz

Mls

o)

Moving Up Moving Down
—:..:' +:I"
A A

L] - i [l y
vy =11m/s = V=1 ms

L
] q=-08lm/s
]
L
]
]

fa =.0 8 m/s*

Ax = : -
Ve = 29Ax
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Exa !2 e Problem 2-10

IE){AMFLE 2-10 | FEI"I from a tower. Suppose that a ball 1s dropped

(vy = 0) from a tower. How far will it have fallen after a time f; = 1.00s,
t, = 24 s, and 13 = 3007 Ignore air resistance. -
APPROACH Let us take y as positive downward, so the acceleration 1is Avealaearion
a=g=+980m/s*. Weset v, =0 and y, = 0. We want to find the posi- due to g% f\;,{-f}’g
tion y of the ball after three different time intervals. Equation 2-11b, with eravity JES

x replaced by vy, relates the given quantities (f, a, and v,) to the unknown y. m* "ﬁl
N

SOLUTION Weset t =, = 1.00s 1n Eq.2-11b:
.’uJ cn &P ')’zz. 19.6 m

(After 2.00 s)
m? ';f,
BTG | o
"‘ 3 Tm V+y

/X\\:\

v, = 3at3 = 3(9.80m/s?)(2.00s)> = 19.6m. }“ {

Finally, after 3.00 s (= t;), the ball’s position is (see Fig. 2-22) (a)

i

. 1 .2
Vi = Yty + zab

= 0 + Jar; = 3(9.80m/s?)(1.00s)> = 4.90 m.

The ball has fallen a distance of 4.90 m during the time interval ¢t =0 to
= 1.00s. Similarly, after 2.00s (= t,), the ball’s position is

\ -

y
S N N

vi = sati = 3(9.80m/s?)(3.00s)* = 44.1m.

NOTE Whenever we say “dmpped it means v, = (. Note also the graph of

y vs. t (Fig. 2-22b): the curve 1s not straight but bends upward because y 1s
proportional to .



Example Problem 2-11

Thrown down from a tower. Suppose the ball in ‘
Example 2-10 is thrown downward with an initial velocity of 3.00 m/s, instead of Acceleration
being dropped. (a) What then would be its position after 1.00 s and 2.00 s? due to :
(b) What would its speed be after 1.00 s and 2.00 s? Compare with the speeds

of a dropped ball. ” o ¥ - el Zt"lt)'

APPROACH Again we use Eq. 2-11b, but now wv; 1s not zero, it 1is ‘ e e e oty )
vy = 3.00m/s. )
SOLUTION (a) At £, = 1.00s, the position of the ball as given by Eq. 2-11b is y;=4.90m

) | . | (After 1.00 s)
y = vt + zat* = (3.00m/s)(1.00s) + 3(9.80 m/s?)(1.00s)> = 7.90 m.

At t, = 2.00s (time interval t = 0 to t = 2.00s), the position is V>, =19.6 m

y = vt + ta® = (3.00m/s)(2.00s) + 1(9.80m/s?)(2.00s)> = 25.6m. +y (After 2.00 s)
As expected, the ball falls farther each second than if it were dropped with
Y +91
b) The velocity is obtained from Eq. 2-11a: v -
(b) The velocity 1s obtained from Eq a o o V= Ad:1 w0

VvV = ’Uﬂ + qat

= 3.00m/s + (9.80m/s?)(1.00s) = 12.8m/s [att; = 1.005s] : o *Q’S‘ ‘
= 3.00m/s + (9.80m/s?)(2.00s) = 22.6m/s. [att, = 2.005s] - q. 8 M ,S

In Example 2-10, when the ball was dropped (v, = 0), the first term (2,) in
these equations was zero, so

(After 3.00 s)

v = 0 + at
= (9.80m/s*)(1.00s) = 9.80m/s lat f; = 1.005s]
= (9.80m/s*)(2.00s) = 19.6m/s. [att, = 2.005]

NOTE For both Examples 2-10 and 211, the speed increases linearly in time by
9.80 m/s during each second. But the speed of the downwardly thrown ball at
any instant is always 3.00 m/s (its initial speed) higher than that of a dropped ball.



Example Problem 2-12 V NS

EXAMPLE 2-12| Ball thrown upward. A person throws a ball upward

into the air with an initial velocity of 15.0 m/s. Calculate how high it goes. Ignore
air resistance. ®

APPROACH We are not concerned here with the throwing action, but only
with the motion of the ball after it leaves the thrower’s hand (Fig. 2-23) and
until it comes back to the hand again. Let us choose v to be positive in the
upward direction and negative in the downward direction. (This 1s a different
convention from that used in Examples 2-10 and 2-11, and so illustrates our
options.) The acceleration due to gravity is downward and so will have a nega-
tive sign, a = —g = —9.80m/s’. As the ball rises, its speed decreases until it
reaches the highest point (B in Fig. 2-23), where its speed 1s zero for an
instant; then it descends, with increasing speed.

SOLUTION We consider the time interval from when the ball leaves the
thrower’s hand until the ball reaches the highest point. To determine the
maximum height, we calculate the position of the ball when its velocity equals
zero (v = 0 at the highest point). At t = 0 (point A in Fig. 2-23) we have
v, = 0, v, = 15.0m/s, and a = —9.80m/s*. At time f (maximum height),
v =0, a= —980m/s*, and we wish to find y. We use Eq. 2-11c, replacing x

-

with y: v* = v§ + 2ay. We solve this equation for y:

0?2 — 2 0 — (15.0m/s)?
y = = — = 11.5m.
2a 2(—9.80 m/s?)

The ball reaches a height of 11.5 m above the hand.




Example Problem 2-13

EXAMPLE 2-13| Ball thrown upward, II. In Fig. 2-23, Example 2-12, how

long is the ball in the air before 1t comes back to the hand?
- e

APPROACH We need to choose a time interval to calculate how long the

ball is in the air before it returns to the hand. We could do this calculation ﬁ(v_())
in two parts by first determining the time required for the ball to reach its

highest point, and then determining the time it takes to fall back down.

However, it 1s simpler to consider the time interval for the entire motion from .

A to B to C (Fig. 2-23) in one step and use Eq. 2—-11b. We can do this because
y 1s position or displacement, and not the total distance traveled. Thus, at both

points A and C, y = 0. Qy

SOLUTION We use Eq.2-11b with a = —9.80 m/s” and find
V = yy T vyt + é at’
0 = 0+ (15.0m/s)t + 5(—9.80m/s*)¢>

¥

~-

e

O

This equation can be factored (we factor out one f):
(150m/s — 490m/s*t)t = 0.

There are two solutions:

(o —— —
®

15.0m/s |
f = 0 and = - = 3.06s.
4.90m/s"
The first solution (f = 0) corresponds to the initial point (A) 1in Fig. 2-23,
when the ball was first thrown from y = 0. The second solution, t = 3.06s,
corresponds to point C, when the ball has returned to y = 0. Thus the ball is
in the air 3.06s.

NOTE We have ignored air resistance in these last two Examples, which could
be significant, so our result is only an approximation to a real, practical situation.




How to Convert km/h to m/s

; Units of Time km h
5 X 60 % 60 e km = kilometer
: . ' /‘\ t/ \ +1000 n'11=-l:eter + 3600
| “nours minutes S ol = hour
Kilometers hours  mingfes  Seconds ¢ ¢
-60 =-60 m S
Kilometer [km] Meter [m]
Tkm 1000 m
2 km 2000 m km/hr to m/s conversion:
3 km 3000 m 1kmph= 5 m/s
5km 5000 m E
10 km 10000 m
20 km 20000 m
50 km 50000 m

100 km 100000 m
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