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@ Everything is in motion
@ Even stuff that appears to be motionless moves
@ But of course = motion is relative

@ E.g. = while you are listening this lecture
you are moving at about 107,000 km/hr relative to Sun
you are moving even faster relative to center of Galaxy

@ When we discuss motion of something
we describe motion with respect to something else

@ To describe motion of something we need:

e a reference point == sometimes called the origin

@ a reference of time






Newton’s Laws

Now that we have studtied how objcots move we can ask the guestions:
why do objeots start to move?
what causes a moving object to change speed or change direction?

Sir lsaac Newton answered these questions

!

his three basic laws of motion form basis of classical mechanics

l. A body remains at rest or in uniform motion unless acted upon by a force

ll. Acceleration of an object is directly proportional to net force acting on it
and mass of object is constant of proportionality

lll. If two bodies exert forces on each other
these forces are equal in magnitude and opposite in direction



Inertial Refterence Frames

Newton's first Law makes no distinction between object at rest and

object moving with constant (non-zero) veLotha

wWhether object remains at rest or remains moving with constant

velocity depends on reference frame in which object is observed



Inertial Reference Frames (cont’d)

Suppose you are a passenger on an airplane that is flying along a straight path at
constant altitude and you carefully place a tennis ball on your seat tray. Relative to
plane, ball will remain at rest as long as plane continues to fly at constant velocity
relative to ground. Relative to ground, ball remains moving with same velocity as plane.
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Now, suppose plane suddenly accelerates forward relative to ground.
You will observe ball starts to roll toward rear of plane, accelerating relative to

plane even though there is no horizontal force acting onit. @5
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In this accelerating reference frame of plane, Newton's 1st-law does not apply

Newton's 1st-law applies only in reference frames known as inertial frames.
If no forces act on an object, any reference frame for which acceleration of
object remains zero is an inertial reference frame



Mass
Objects intrinsically resist being accelerated

imagine kRicking both a soccer ball and a bowling ball

Bowling ball resist betng accelerated much more than does soccer
ball = as would be evidenced by your sore toes.

This intrinsic property is called the object's mass.
It is a wmeasure of object's Lnertia

Greater an object's mass more the object resists being accelerated

Newton’s second law
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Weight

If you drop an object near Barth's surface 2 it accelerates toward Earth
If air resistance is negligible = all objects fall with same acceleration
called free-fall acceleration G

Force causing this acceleration is gravitational force exerted by Earth

on object. Welght of object Ls magwnitude of gravitational force on it

If gravitational force is only force acting on an object object Ls said to be in free-fall
we can apply Newton's second Law to an object of mass m that is in freefall to obtain
awn expression for gravitational force

—

F . —
g — Mg
Near Earth surface magwitude of acceleration of gravity is found to be

g=9.81N/kg = 9.81m/s*® = 32.2ft/s



Contact Forces: Normal Force
If a surface is pushed against, it pushes back
Cownstder a Ladder lLeaning against a wall

At regiown of contact Ladder pushes against wall with horizontal
force compressing distance between molecules in surface of wall
Compressed molecules in wall pushes back on ladder
with a horizontal force
Such force perpendicular to contacting surfaces is called normal

force (the word normal means perpendicular)

Normal
force

wall bends slightly in response to a Load
though this is rarely noticeable to unaided eye



Contact Forces: Frictional Force
Surfaces tn contact can exert forces on each other that are parallel

to contacting surfaces

Cownsider a Large block on floor as showwn i figure

Frictional
force

If block is pushed sideways with gentle enough force, it will not slide
Surface of floor exerts a force back ow block opposing its tendency to slide in
direction of push

tf block if pushed sideways with sufficiently Large force ¥ it will start to slide
To keep block sliding, it is wecessary to continue to push it
If push is not sustained contact force will slow the motion of the box until it stops

A component of contact force that opposes sliding, or tendency to slide is
called a frictional force ¥ it acts parallel to contracting surfaces



Friction
Static friction is frictional force that acts whew there is no sliding

between two surfaces tn contact =2 It is force that keeps box from
sliding

This force can vary tn magnitude from zero to some maximum
value Fs, max depending on how hard you push

Experimental data show that Fs max is proportional to strength of
forces pressing two surfaces: Fs, max — Ms F.
; Kinetie friction is force that opposes to motion

fima=tsn - Magwnitude of this force ts also proportional to

R 7 wleroscopie contact area and strength of forces

fi=mdapressing two surfaces: F E — MUk F n




Approximate values of frictional coefficients

Materials I Mo
Steel on steel 0.7 0.6
Brass on steel 0.5 0.4
Copper on cast iron 1.1 0.3
Glass on glass 0.9 0.4
Teflon on Teflon 0.04 0.04
Teflon on steel 0.04 0.04
Rubber on concrete (dry) 1.0 0.80
Rubber on concrete (wet) 0.30 0.25

Waxed ski on snow (0°C) 0.10 0.05



Contact Forces: springs

Hooke's Law
Whew a spring Ls stretehed from its unstressed length by a distance L
force it exerts is found experimentally to be I, = —kx

Positive constant K (or spring constant) is a measure of stiffness of
Spring

+X

1
.
X =% %o Xo

F, = —kx is negative (because Ax is positive). Fy=-kx is positive (because Ax is negative).

A negative value means spring has been compressed a distance ‘ZU|
from its unstressed length

Negative sign in Hooke's Law sigwnifies that whew spring s stretched

(or compressed) tn one direction, force Lt exerts Ls Ln opposite direction



Free body diagramans
magine a sled being pulled across i.ag grouwal by a Led dog

A diagram that shows schewmatically all forces acting on systewm is
called a free-body diagram

Vector suwm of forees in a free-body diagram is equal to mass times
acceleration e



An accelerating jet plane
As Your jet plane speeds down runway ow takeoff, You decide to
determine its acceleration, so You take out Your yo-yo and wnote that whew
You suspend it, string makes an angle of 22 degrees with vertical

T [
a

(a) What is acceleration of plane?
(b) If mass of yo-yo is 40.0 g, what is tension in string? {
/ ma




Draw free body diagram for yo-g4e
(Ghsose 1 dinection to be dinection of yo-yo accelenation vector

Ty + Fy, = may = T'sinf = ma,
Ty + Fyq, =may = T cost = mg
tanf = a, /g

4y = gtanf = 3.96 m/s’

T =mg/cosf =0.42 N



Unloading a truck

Youw are working for a big DleLi\/erg company and must unload

large fragile package from your truck using a delivery ramp

A4

tf downward component of velocity of package
whew it reaches bottom of ramp is greater than 2.5 m/s
package will break
wWhat is largest angle you can safely unload? Ramp is 1 m high



Fgsin = mgsint = ma, = a; = gsind
F, —F,cos0 =0

Ve = Gl

Az = La,t° =t = \/2Ax/a,

Az sinf = h = v, = \/2Azgsinf = /2gh
Vdownward = Vg SINO = \/2ghsin 6

, v
sin § = —downward 0ax = 34.4°

VvV 2gh




Newton’s Third Law

wWhew two bodies interact, force ['p 4 exerted by object B on object A
Ls equal tn magwnitude an opposite tn direction to force 'y g exerted

by object A on object B

Fpa = —Fup

It is common to refer to one force in pair as an action and other one
as reaction

This terminology is unfortunate because it sounds Like one foree
“reacts” to other that is not case

Two forces occur simultaneously



Newton’s Third Law

Force FyEB acting downward on block is gravitional

force by Earth on block

Awn equal and opposite force Fypp is gravitional

force exerted on Earth by block

These forces form an action-reaction pair

If they were only forees present block would accelerate downward
because it will have only a single force acting ow it (and Earth

would accelerate upward from same reason)
upward foree 1B by table ow block balances gravitional force on
block

There is also a downward force F. nBT bg block own table



Horse before cart
A horse refuses to pull a cart
Horse reasowns:
"According to Newtown's third Law, whatever force | exert on cart, cart
will exert an equal and opposite force on me, so net force will be zero

and | will have no chawnce of accelerating cart"

what is wrong with this reasoning?



Horse before cart (cont’d)

Because we are interested in motion of cart, we draw a simple
diagram for it

Force exerted by horse ow cart, is actually exerted on harness
Because harness is attached to cart, we constider it part of cart
Other forces acting are the gravitational force of the Earth on
cart normal force of pavement on cart
and frictional force exerted by pavement on cart

Because cart doesn‘'t accelerate vertically - vertical forces must sum to 0

cart will accelerate to right if force exerted by horse ow cart is
greater thaw frictional force



Hor'se before cart (cont’d)

Note that reaction to F'ryer (which we call Fopr)

Ls exerted on horse wot on cart

Because reaction force is exerted on horse
Lt has wo effect on motion of cart

This its flaw tn horses reasoning




Building a space station

Youw are an astronaut constructing a space station, ano You

push a box of mass m with force At.

BoX Ls L divect contact with a second box of mass m

(a) What is acceleration of boxes?

(b) What is magnitude of force each box exerts on other?
y




Draw free body diagram {or two boxes

If

Apply Zﬁ =ma to box 1 = Fa1 — Fo1 = miay,
Apply Z F = ma to box 2 = Fio = maag,

Aecelenations ane equal becanse speeds ane equal at all times

ay, = az,

&

Newton 3rd law force pair = Fo = Fi9 = F

FAl F =
a/m: -
mi1 + Mo mi + Mo

mo
Faq




Newton’s Law of Universal Gravitation
If force of gravity is being exerted on objects on Earth,
what is origin of that force?

Newtow’s realization was that force must come from Earth

He further realized that this force must be what keeps Moown i its orbit




Newton’s Law of Universal Gravitation
qravitational force on You is one-half of a Third-Law pair:

Earth exerts a downwward force on You and you exert an

wpwarol force on Earth
whew there Ls such olisparitg Ln m’s reaction force undetectable

but for bodies more equal in mass it can be significant
Moon (,

Gravitational
force exerted on
Moon by Earth

Gravitational force

Earth
4 exerted on Earth

& by the Moon



Newton’s Law of Universal Gravitation
qravitational force must be proportional to both masses

BY observing planetary orbits
Newtow also concluded that gravitational force must decrease

as tnverse of square of distance between masses

n itts final form Law of Universal Gravitation reaodls:

= mims .
Fio = G —5—T12
12




Newton’s Law of Universal Gravitation

Magwitude of gravitational constant G
Fiber can be measured Ln La bomtorg

Mirror
Scale

« Thisis = Cavendish experiment

»
N\

Light %
sSource

(narrow beam)

G = 6.67 x 100" N - m?/kg”



Gravity Near Earth’s Surface: Geophysical Applications

Relate gravitational constant to local acceleration of gravity
we kwnow that, on surface of Earth
mmeg

2
"E
Solving for g ogives

mg = G

g = 9
e

Knowing  and radius of Earth, mass of Earth can be caleulated:

_ gry; _ (980 m/s%)(6.38 x 10°m)? _ 5.98 x 10%* kg
G 6.67 x 10~ N - m?/kg?

meg



Gravity Near Earth’s Surface: Geophysical Applications
Acceleration due to gravity varies over Barth’s surface due
to altitude, local geology, and shape of Earth, whieh is not

quite spherical
Acceleration Due to Gravity at various Locations own Earth

Location Elevation () g (m/s2)
New York O 9.803
san Franclsco o 9.800
Denver 1650 9.796
Pikes Peak 4300 9.7%9
Sydney, Australia o 9.79%
Equator O 9.780

North Pole o 9.832
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A sliding coin

A hard cover book Ls resting on a tabletop with its fromt cover facing
upward
Yow place a coin ow this cover and very slowly open book, unttl coln
starts to slide

Angle () (Rnown as the angle of repose) is angle front cover

makes with horizonta Ljust as colwn starts to slide.




Draw {ree body diagram for coin when book cover inclined @ 0 < Omax
Y
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Coefficient of otatic friction nelates rictional and novmal forces aceonding to fs < s Fy
Apply ZFy = ma, = F, —mgcosd =0= F, =mgcosf

fs S usFy = fs < psmgcos 6
Apply ZF =magz = —fs + mgsinf =0 = fs = mgsinb

tanf < pug = pg = tan 0.4




