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Classical mechanics describes the relationship between the motion of objects found in our
everyday world and the forces acting on them. As long as the system under study doesn’t in-
volve objects comparable in size to an atom or traveling close to the speed of light, classical
mechanics provides an excellent description of nature.

This chapter introduces Newton’s three laws of motion and his law of gravity. The three
laws are simple and sensible. The first law states that a force must be applied to an object in
order to change its velocity. Changing an object’s velocity means accelerating it, which implies
a relationship between force and acceleration. This relationship, the second law, states that
the net force on an object equals the object’s mass times its acceleration. Finally, the third law
says that whenever we push on something, it pushes back with equal force in the opposite
direction. These are the three laws in a nutshell.

Newton’s three laws, together with his invention of calculus, opened avenues of inquiry
and discovery that are used routinely today in virtually all areas of mathematics, science, engi-
neering, and technology. Newton’s theory of universal gravitation had a similar impact, start-
ing a revolution in celestial mechanics and astronomy that continues to this day. With the ad-
vent of this theory, the orbits of all the planets could be calculated to high precision and the
tides understood. The theory even led to the prediction of “dark stars,” now called black
holes, over two centuries before any evidence for their existence was observed.1 Newton’s
three laws of motion, together with his law of gravitation, are considered among the greatest
achievements of the human mind.

4.1 FORCES
A force is commonly imagined as a push or a pull on some object, perhaps rapidly,
as when we hit a tennis ball with a racket. (See Figure 4.1.) We can hit the ball at
different speeds and direct it into different parts of the opponent’s court. This

Forces exerted by Earth, wind, and
water, properly channeled by the
strength and skill of these windsurfers,
combine to create a non-zero net
force on their surfboards, driving
them forward through the waves.

1In 1783, John Michell combined Newton’s theory of light and theory of gravitation, predicting the existence of “dark
stars” from which light itself couldn’t escape.

Figure 4.1 Tennis champion Andy
Roddick strikes the ball with his
racket, applying a force and directing
the ball into the open part of the
court.
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Figure 4.20 (Quick Quiz 4.10)
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is easily demonstrated by trying to get an object to slide down an incline at constant
acceleration. Especially at low speeds, the motion is likely to be characterized by al-
ternate stick and slip episodes.

If you press a book flat against a vertical wall with your hand, in what direction is
the friction force exerted by the wall on the book? (a) downward (b) upward
(c) out from the wall (d) into the wall.

Quick Quiz 4.8

A crate is sitting in the center of a flatbed truck. As the truck accelerates to the
east, the crate moves with it, not sliding on the bed of the truck. In what direction
is the friction force exerted by the bed of the truck on the crate? (a) To the west.
(b) To the east. (c) There is no friction force, because the crate isn’t sliding.

Quick Quiz 4.9

Suppose you’re playing with your niece in the snow. She’s sitting on a sled and asks
you to move her across a flat, horizontal field. You have a choice of (a) pushing
her from behind by applying a force downward on her shoulders at 30! below the
horizontal (Fig. 4.20a) or (b) attaching a rope to the front of the sled and pulling
with a force at 30! above the horizontal (Fig 4.20b). Which option would be easier
and why?

Quick Quiz 4.10

30°
30°

(a) (b)

F
F

EXAMPLE 4.11 A Block on a Ramp
Goal Apply the concept of static friction to an object resting on an
incline.

Problem Suppose a block with a mass of 2.50 kg is resting on a ramp. If
the coefficient of static friction between the block and ramp is 0.350, what
maximum angle can the ramp make with the horizontal before the block
starts to slip down?

Strategy This is an application of Newton’s second law involving an ob-
ject in equilibrium. Choose tilted coordinates, as in Figure 4.21. Use the
fact that the block is just about to slip when the force of static friction
takes its maximum value, fs " #sn.

Fg

n

y

x

sf

mg sin u

u

umg cos u

Figure 4.21 (Example 4.11)

Solution
Write Newton’s laws for a static system in component
form. The gravity force has two components, just as in
Examples 4.6 and 4.8.

Fx " mg sin $ % #sn " 0 (1)

Fy " n % mg cos $ " 0 (2)! 

! 
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Energy is one of the most important concepts in the world of science. In everyday use,
energy is associated with the fuel needed for transportation and heating, with electricity for
lights and appliances, and with the foods we consume. These associations, however, don’t tell
us what energy is, only what it does, and that producing it requires fuel. Our goal in this
chapter, therefore, is to develop a better understanding of energy and how to quantify it.

Energy is present in the Universe in a variety of forms, including mechanical, chemical,
electromagnetic, and nuclear energy. Even the inert mass of everyday matter contains a very
large amount of energy. Although energy can be transformed from one kind to another, all
observations and experiments to date suggest that the total amount of energy in the Universe
never changes. This is also true for an isolated system—a collection of objects that can
exchange energy with each other, but not with the rest of the Universe. If one form of energy
in an isolated system decreases, then another form of energy in the system must increase.
For example, if the system consists of a motor connected to a battery, the battery converts
chemical energy to electrical energy, and the motor converts electrical energy to mechanical
energy. Understanding how energy changes from one form to another is essential in all the
sciences.

In this chapter the focus is mainly on mechanical energy, which is the sum of kinetic
energy—the energy associated with motion—and potential energy—the energy associated
with position. Using an energy approach to solve certain problems is often much easier than
using forces and Newton’s three laws. These two very different approaches are linked through
the concept of work.

5.1 WORK
Work has a different meaning in physics than it does in everyday usage. In the
physics definition, a programmer does very little work typing away at a computer. A
mason, by contrast, may do a lot of work laying concrete blocks. In physics, work is

An asteroid plunges through Earth's
atmosphere while pterodactyls watch.
This artist's conception is of a
catastrophic event thought to have
led to the extinction of dinosaurs.
During an impact, an asteroid only a
kilometer across releases its
awesome energy of motion as heat
and light, delivering the explosive
equivalent of one hundred million
atomic bombs.
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EXAMPLE 4.5 A Traffic Light at Rest
Goal Use the second law in an equilib-
rium problem requiring two free-body
diagrams.

Problem A traffic light weighing 1.00 !
102 N hangs from a vertical cable tied to
two other cables that are fastened to a sup-
port, as in Figure 4.12a. The upper cables
make angles of 37.0" and 53.0" with the
horizontal. Find the tension in each of the
three cables.

Strategy There are three unknowns, so
we need to generate three equations relat-
ing them, which can then be solved. One
equation can be obtained by applying
Newton’s second law to the traffic light,
which has forces in the y-direction only.
Two more equations can be obtained by applying the second law to the knot joining the cables—one equation from
the x-component and one equation from the y-component.

Solution
Find T3 from Figure 4.12b, using the condition of
equilibrium: T3 # Fg# 1.00 ! 102 N

 ! Fy # 0  :  T3 $ Fg # 0

Using Figure 4.12c, resolve all three tension forces into
components and construct a table for convenience:

Force x-component y-component

$T1 cos 37.0" T1 sin 37.0"

T2 cos 53.0" T2 sin 53.0"

0 $1.00 ! 102 NT
:

3

T
:

2

T
:

1

Apply the conditions for equilibrium to the knot, using
the components in the table:

Fx # $T1 cos 37.0" % T2 cos 53.0" # 0 (1)

Fy # T1 sin 37.0" % T2 sin 53.0" $ 1.00 ! 102 N # 0 (2)! 

! 

T2T1

T3

53.0°37.0°

(a)

3

53.0°37.0° x

2

1

y3

g

(b) (c)

F T

T

T

T

Figure 4.12 (Example 4.5) (a) A traffic light suspended by cables. (b) A free-body
diagram for the traffic light. (c) A free-body diagram for the knot joining the cables.

There are two equations and two remaining unknowns.
Solve Equation (1) for T2:

T2 # T1 " cos 37.0"

cos 53.0" # # T1 " 0.799
0.602 # # 1.33T1

Substitute the result for T2 into Equation (2): T1 sin 37.0" % (1.33T1)(sin 53.0") $ 1.00 ! 102 N # 0

T1 #

T2 # 1.33T1 # 1.33(60.0 N) # 79.9 N

60.1 N

Remarks It’s very easy to make sign errors in this kind of problem. One way to avoid them is to always measure the
angle of a vector from the positive x-direction. The trigonometric functions of the angle will then automatically give
the correct signs for the components. For example, makes an angle of 180" $ 37" # 143" with respect to the posi-
tive x-axis, and its x-component, T1 cos 143", is negative, as it should be.

Exercise 4.5
Suppose the traffic light is hung so that the tensions T1 and T2 are both equal to 80.0 N. Find the new angles they
make with respect to the x axis. (By symmetry, these angles will be the same.)

Answer Both angles are 38.7".

T
:

1

44337_04_p81-117  10/13/04  2:31 PM  Page 94

a) semafor obješen na kablovima
b) dijagram sila za semafor
c) dijagram sila za čvor u kojem
    se sastaju kablovi

Pojam napetost vezan je uz sile koje djeluju na krajevima užeta.
U razmatranjima je masa užeta zanemarena! U protivnom sila na krajevima 
užeta ne bi bila ista.

sila napetosti



ravnoteža
Definicija:

Tijelo je u ravnoteži kada je njegovo ukupno 
ubrzanje 0.
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EXAMPLE 4.6 Sled on a Frictionless Hill
Goal Use the second law and the normal force in an equilibrium problem.

Problem A child holds a sled at rest on a frictionless, snow-covered hill, as shown in Figure 4.13a. If the sled weighs
77.0 N, find the force exerted by the rope on the sled and the magnitude of the force exerted by the hill on the
sled.

Strategy When an object is on a slope, it’s convenient to use tilted coordinates, as in Figure 4.13b, so that the
normal force is in the y-direction and the tension force is in the x-direction. In the absence of friction, the hill
exerts no force on the sled in the x-direction. Because the sled is at rest, the conditions for equilibrium, !Fx " 0 and
!Fy " 0, apply, giving two equations for the two unknowns— the tension and the normal force.

T
:

n:

n:

Solution
Apply Newton’s second law to the sled, with :a: " 0 ! F

:
" T

:
# n: # F

:
g " 0

Extract the x-component from this equation to find T.
The x-component of the normal force is zero, and the
sled’s weight is given by mg " 77.0 N. 38.5 NT "

! Fx " T # 0 $ mg sin % " T $ (77.0 N)sin 30.0& " 0

(b)

y

x

g = m

mg sin

30.0°30.0°

(a)

mg cos u

u

F

n

g

T

Figure 4.13 (Example 4.6) (a) A child holding a sled on a frictionless hill. (b) A free-body diagram
for the sled.

Write the y-component of Newton’s second law. The 
y-component of the tension is zero, so this equation will
give the normal force.

Fy " 0 # n $ mg cos % " n $ (77.0 N)(cos 30.0&) " 0

n " 66.7 N

! 

Remarks Unlike its value on a horizontal surface, n is less than the weight of the sled when the sled is on the slope.
This is because only part of the force of gravity (the x-component) is acting to pull the sled down the slope. The y-
component of the force of gravity balances the normal force.

Exercise 4.6
Suppose another child of weight w climbs onto the sled. If the tension force is measured to be 60.0 N, find the weight
of the child and the magnitude of the normal force acting on the sled.

Answers w " 43.0 N, n " 104 N
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Primjer: dječak drži saonice u stanju mirovanja!

Ukoliko je težina saonica 77 N, kolika je napetost
užeta i okomita sila n kojom tlo djeluje na saonice?
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Figure 4.13 (Example 4.6) (a) A child holding a sled on a frictionless hill. (b) A free-body diagram
for the sled.

Write the y-component of Newton’s second law. The 
y-component of the tension is zero, so this equation will
give the normal force.

Fy " 0 # n $ mg cos % " n $ (77.0 N)(cos 30.0&) " 0

n " 66.7 N

! 

Remarks Unlike its value on a horizontal surface, n is less than the weight of the sled when the sled is on the slope.
This is because only part of the force of gravity (the x-component) is acting to pull the sled down the slope. The y-
component of the force of gravity balances the normal force.

Exercise 4.6
Suppose another child of weight w climbs onto the sled. If the tension force is measured to be 60.0 N, find the weight
of the child and the magnitude of the normal force acting on the sled.

Answers w " 43.0 N, n " 104 N
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ravnoteža
Tijelo može biti u ravnoteži i kada se giba konstantnom brzinom!

Primjer: avion se diže konstantnom brzinom.



Tijelo može biti u ravnoteži i kada se giba konstantnom brzinom.

Primjer:

avion se diže

konstantnom 

brzinom.

Fizika za matematiare – 2009.

brzinom.Fx = 0∑
Fy = 0∑

 

Fx = −W sin 30.0!∑ +T − R = 0

Fy = −W cos30.0!∑ + L = 0



konceptualno pitanje

• U kojoj situaciji može tijelo biti u ravnoteži?

a) Tri sile koje djeluju na tijelo duž istog pravca, ali mogu 
biti u različitim smjerovima.

b) Dvije okomite sile djeluju na tijelo

c) Jedna sila djeluje na tijelo.

d) U niti jednoj od situacija opisanih od a) do c) tijelo ne 
može biti u ravnoteži

link 1

https://www.youtube.com/watch?v=rjUnZxkjCMI


primjeri sustava koji 
nisu u ravnoteži4.3 Newton’s Second Law 87

connected to the second horse makes an angle of 45.0!.
Find the initial acceleration of the barge, starting at rest, if
each horse exerts a force of magnitude 6.00 " 102 N on
the barge. Ignore forces of resistance on the barge.

Strategy Using trigonometry, find the vector force
exerted by each horse on the barge. Add the x-components
together to get the x-component of the resultant force,
and then do the same with the y-components. Divide by
the mass of the barge to get the accelerations in the x- and
y-directions.

Solution
Find the x-components of the forces exerted by the
horses.

F1x # F1cos$1 # (6.00 " 102 N)cos(30.0!) # 5.20 " 102 N

F2x # F2cos$2 # (6.00 " 102 N)cos(% 45.0!) # 4.24 " 102 N

Find the total force in the x-direction by adding the 
x-components: # 9.44 " 102 N

Fx # F1x & F2x # 5.20 " 102 N & 4.24 " 102 N

Find the y-components of the forces exerted by the
horses:

# % 4.24 " 102 N
F2y # F 2 sin $2 # (6.00 " 102 N)sin(% 45.0!)
 F1y # F1sin $1 # (6.00 " 102 N )sin 30.0! # 3.00 " 102 N

Find the total force in the y-direction by adding the 
y-components: # % 1.24 " 102 N

Fy # F1y & F2y # 3.00 " 102 N % 4.24 " 102 N

Find the components of the acceleration by dividing the
force components by the mass:

ay #
Fy

m
#

% 1.24 " 102 N
2.00 " 103 kg

# % 0.0620 m/s2

 ax #
Fx

m
#

9.44 " 102 N
2.00 " 103 kg

# 0.472 m/s2

Find the magnitude of the acceleration:

# 0.476 m/s2

a # √ax 

2 & ay 

2 # √(0.472 m/s2)2 & (% 0.0620 m/s2)2

u1

u2

y

x
F1

F2

Figure 4.5 (Example 4.2)

Find the direction of the acceleration.

% 7.46!$ # tan% 1(% 0.131) #

tan $ #
ay

ax
#

% 0.0620
0.472

# % 0.131

Exercise 4.2
Repeat Example 4.2, but assume that the upper horse pulls at a 40.0! angle, the lower horse at 20.0!.

Answer 0.520 m/s2, 10.0!

The Gravitational Force
The gravitational force is the mutual force of attraction between any two objects
in the Universe. Although the gravitational force can be very strong between very
large objects, it’s the weakest of the fundamental forces. A good demonstration of
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Find the direction of the acceleration.

% 7.46!$ # tan% 1(% 0.131) #

tan $ #
ay

ax
#

% 0.0620
0.472

# % 0.131

Exercise 4.2
Repeat Example 4.2, but assume that the upper horse pulls at a 40.0! angle, the lower horse at 20.0!.

Answer 0.520 m/s2, 10.0!

The Gravitational Force
The gravitational force is the mutual force of attraction between any two objects
in the Universe. Although the gravitational force can be very strong between very
large objects, it’s the weakest of the fundamental forces. A good demonstration of

44337_04_p81-117  10/13/04  2:31 PM  Page 87

- masa čamca s teretom 2000 kg
- kutovi 30º i 45º
- svaka sila 600 N
- odredite smjer i akceleraciju gibanja



Accelerating Objects and Newton’s Second Law
When a net force acts on an object, the object accelerates, and we use Newton’s
second law to analyze the motion.

96 Chapter 4 The Laws of Motion

For the child being pulled forward on
the toboggan in Figure 4.14, is the
magnitude of the normal force ex-
erted by the ground on the toboggan
(a) equal to the total weight of the
child plus the toboggan, (b) greater
than the total weight, (c) less than the
total weight, or (d) possibly greater
than or less than the total weight,
depending on the size of the weight
relative to the tension in the rope?

Quick Quiz 4.7

Figure 4.14 (Quick Quiz 4.7)

EXAMPLE 4.7 Moving a Crate
Goal Use the second law of motion for a system not in equilibrium, together
with a kinematics equation.

Problem The combined weight of the crate and dolly in Figure 4.15 is 
3.00 ! 102 N. If the man pulls on the rope with a constant force of 20.0 N, what
is the acceleration of the system (crate plus dolly), and how far will it move in
2.00 s? Assume that the system starts from rest and that there are no friction
forces opposing the motion.

Strategy We can find the acceleration of the system from Newton’s second
law. Because the force exerted on the system is constant, its acceleration is
constant. Therefore, we can apply a kinematics equation to find the distance
traveled in 2.00 s.

g 

F

F

n

Figure 4.15 (Example 4.7)

Solution
Find the mass of the system from the definition of
weight, w " mg :

m "
w
g

"
3.00 ! 102 N

9.80 m/s2 " 30.6 kg

Find the acceleration of the system from the second law: 0.654 m/s2ax "
Fx

m
"

20.0 N
30.6 kg

"

Use kinematics to find the distance moved in 2.00 s,
with v0 " 0:

1.31 m  #x " 1
2 axt2 " 1

2 (0.654 m/s2)(2.00 s)2 "

Remarks Note that the constant applied force of 20.0 N is assumed to act on the system at all times during its mo-
tion. If the force were removed at some instant, the system would continue to move with constant velocity and hence
zero acceleration. The rollers have an effect that was neglected, here.

Exercise 4.7
A man pulls a 50.0-kg box horizontally from rest while exerting a constant horizontal force, displacing the box
3.00 m in 2.00 s. Find the force the man exerts on the box. (Ignore friction.)

Answer 75.0 N
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Answer 75.0 N
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težina tereta s kolicima je 300 N
sila F je 20 N
kolika je akceleracija a? koliki put će prijeći u 2 s?

primjeri sustava koji 
nisu u ravnoteži



primjeri sustava koji 
nisu u ravnoteži

Primjer: dvije povezane kutije: Atwoodov padostroj:

mEg − FT = mEa
FT − mcg = mca



konceptualno pitanje


Kutije razliitih masa postavljene su jedna do druge na podlozi

bez trenja. Sila kojom lijeva kutija djeluje na desnu je

• vea u prvom sluaju

• vea u drugom sluaju

• ista u oba sluaja

Fizika za matematiare – 2009.

Kutije različitih masa postavljene su jedna do druge na 
podlozi bez trenja.
Sila kojom lijeva kutija djeluje na desnu je
•veća u prvom slučaju
•veća u drugom slučaju
•ista u oba slučaja

F2F1 F1F2

a=F/m



konceptualno pitanje

m1

F F2F1 m2

Fizika za matematiare – 2009.

a) a1 = F/(m1+m2)

b) a1 = F2/m2

c) a1 = (F - F1)/m1

d) sve navedene

Koje od navedenih relacija

su ispravne?

Koje od navedenih relacija
su ispravne?

a) a1 = F / (m1+m2)
b) a1 = F2 / m2

c) a1 = (F-F1) / m1

d) sve navedene



statičko i dinamičko 
trenje

Na tijelo u kontaktu s površinom djeluje normalna sila.
Kada se objekt kreće ili pokušava gibati duž površine,
javlja se sila paralelna površini: sila trenja (trenje).

Mikroskopski prikaz područja
kontakta između površina.
Porijeklo sile trenja je u kontaktima
između molekula različitih tijela na
njihovoj površini.



Na tijelo u kontaktu s površinom djeluje normalna sila.

Kada se objekt kree ili pokušava gibati duž površine,

javlja se sila paralelna površini: sila trenja (trenje).

Mikroskopski prikaz podruja 
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Mikroskopski prikaz podruja 

kontakta izmeu površina.

Porijeklo sile trenja je u kontaktima 

izmeu molekula razliitih tijela na 

njihovoj površini.



statičko i dinamičko 
trenje4.6 Forces of Friction 101

■ The values of !k and !s depend on the nature of the surfaces, but !k is gener-
ally less than !s . Table 4.2 lists some reported values.

■ The direction of the friction force exerted by a surface on an object is opposite
the actual motion (kinetic friction) or the impending motion (static friction) of
the object relative to the surface.

■ The coefficients of friction are nearly independent of the area of contact be-
tween the surfaces.

Although the coefficient of kinetic friction varies with the speed of the object, we
will neglect any such variations. The approximate nature of Equations 4.11 and 4.12

F

fk =    kn
fs =

 F

|f|

fs,max

Static region

(c)

(a) (b)

Kinetic region

m

Motion

ks

m

0

F
F

n n

g mg

f f

ACTIVE FIGURE 4.19 (a) The
force of friction exerted by a
concrete surface on a trash can is
directed opposite the force that
you exert on the can. As long as the
can is not moving, the magnitude of
the force of static friction equals that
of the applied force . (b) When the
magnitude of exceeds the magni-
tude of , the force of kinetic fric-
tion, the trash can accelerates to the
right. (c) A graph of the magnitude
of the friction force versus that of the
applied force. Note that fs,max " fk.

Log into PhysicsNow at
www.cp7e.com, and go to Active
Figure 4.19 to vary the applied force
on the can and practice sliding it on
surfaces of varying roughness. Note
the effect on the can’s motion and
the corresponding behavior of the
graph in (c).

f
:

k

F
:

F
:

F
:

f
:

s

TABLE 4.2
Coefficients of Frictiona

!s !k

Steel on steel 0.74 0.57
Aluminum on steel 0.61 0.47
Copper on steel 0.53 0.36
Rubber on concrete 1.0 0.8
Wood on wood 0.25–0.5 0.2
Glass on glass 0.94 0.4
Waxed wood on wet snow 0.14 0.1
Waxed wood on dry snow — 0.04
Metal on metal (lubricated) 0.15 0.06
Ice on ice 0.1 0.03
Teflon on Teflon 0.04 0.04
Synovial joints in humans 0.01 0.003

aAll values are approximate.
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a) sila povlačenja tijela uravnotežuje
se sa silom statičkog trenja
b) daljnjim povećanjem sile povlačenja 
povećava se sila statičkog trenja
c) u trenutku prije nego što se tijelo 
počne gibati, sila statičkog trenja je 
maksimalna

Sila statičkog trenja može poprimiti 
bilo koju vrijednost između 0 i Fmax, a 
maksimalna vrijednost dana je s 
Fsmax = μsFN



statičko i dinamičko 
trenje

Primjer: Sila potrebna da se skijaš na

vodi pokrene

• dvije horizontalne sile djeluju na 

skijaša trenutak prije poetka 

Fizika za matematiare – 2009.

skijaša trenutak prije poetka 

gibanja.

• dvije vertikalne sile djeluju na skijaša

Primjer: Sila potrebna da se skijaš na vodi pokrene.

•dvije jednake horizontalne sile djeluju na skijaša 
trenutak prije početka gibanja
•dvije jednake vertikalne sile djeluju na skijaša



statičko i dinamičko 
trenje

FIZIKA SLOBODNOG

PENJANJA

Penjaica rukama i nogama 

pritiše stijenu da izazove 

dovoljno veliku okomitu 

silu, pa tada sile statikog 

Fizika za matematiare – 2009.

silu, pa tada sile statikog 

trenja mogu izdržati njenu 

težinu.

FN

Fs

Fg

Fizika slobodnog penjanja

Penjačica rukama i nogama pritišće 
stijenu čime izaziva dovoljno veliku 
okomitu silu, i tada sile statičkog 
trenja mogu izdržati njenu težinu.



FIZIKA SLOBODNOG

PENJANJA

Penjaica rukama i nogama 

pritiše stijenu da izazove 

dovoljno veliku okomitu 

silu, pa tada sile statikog 
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silu, pa tada sile statikog 

trenja mogu izdržati njenu 

težinu.

FN

Fs

Fg



statičko i dinamičko 
trenje

4.6 Forces of Friction 103

Rearrange Equation (2) to get an expression for the
normal force n:

n ! mg cos "

Substitute the expression for n into Equation (1) and
solve for tan ":

Fx ! mg sin " # $s mg cos " ! 0 : tan " ! $s! 

Apply the inverse tangent function to get the answer: tan " ! 0.350 : " ! tan# 1 (0.350) ! 19.3%

Remark It’s interesting that the final result depends only on the coefficient of static friction. Notice also how simi-
lar Equations (1) and (2) are to the equations developed in Examples 4.6 and 4.8. Recognizing such patterns is key
to solving problems successfully.

Exercise 4.11
The ramp in Example 4.11 is roughed up and the experiment repeated. (a) What is the new coefficient of static
friction if the maximum angle turns out to be 30.0%? (b) Find the maximum static friction force that acts on the
block.

Answer (a) 0.577 (b) 12.2 N

EXAMPLE 4.12 The Sliding Hockey Puck
Goal Apply the concept of kinetic friction.

Problem The hockey puck in Figure 4.22, struck by a hockey stick, is given an
initial speed of 20.0 m/s on a frozen pond. The puck remains on the ice and
slides 1.20 & 102 m, slowing down steadily until it comes to rest. Determine the
coefficient of kinetic friction between the puck and the ice.

Strategy The puck slows “steadily,” which means that the acceleration is con-
stant. Consequently, we can use the kinematic equation v2 ! v0

2 ' 2a(x to find
a, the acceleration in the x-direction. The x- and y-components of Newton’s sec-
ond law then give two equations and two unknowns for the coefficient of kinetic
friction, $k, and the normal force n.

Motion

fk

Fg = mg

n

y

x

Figure 4.22 (Example 4.12) After the
puck is given an initial velocity to the right,
the external forces acting on it are the
force of gravity , the normal force ,
and the force of kinetic friction, .f

:
k

n:F
:

g

Solution
Solve the time-independent kinematic equation for the
acceleration a :

v2 ! v0
2 ' 2a(x

a !
v2 # v0 

2

2(x

Substitute v ! 0, v0 ! 20.0 m/s, and (x ! 1.20 & 102 m. a !
0 # (20.0 m/s)2

2(1.20 & 102 m)
! # 1.67 m/s2

Note the negative sign in the answer: is opposite .

Find the normal force from the y-component of the
second law:

v:a:

Fy ! n # Fg ! n # mg ! 0

n ! mg

! 

Obtain an expression for the force of kinetic friction,
and substitute it into the x-component of the second
law:

fk ! $kn ! $kmg

ma ! Fx ! # fk ! # $kmg! 

Solve for $k and substitute values: 0.170$k ! #
a
g

!
1.67 m/s2

9.80 m/s2 !
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Dinamičko trenje

Sila dinamičkog trenja javlja se 
kada se tijelo kreće po površini. 
Ona se uvijek opire kretanju.
Sila dinamičkog trenja obično je 
manja od sile statičkog trenja.

Sila dinamičkog trenja u dobroj aproksimaciji ne ovisi o veličini 
kontaktne površine i o brzini tijela (ako nije prevelika), te 
vrijedi

Fk = μkFN



statičko i dinamičko 
trenje

Materijal Koeficijent statičkog 
trenja μs

Koeficijent dinamičkog 
trenja μk

Staklo na staklu 0.94 0.4

Led na ledu 0.1 0.02

Guma na suhom 
betonu

1 0.8

Guma na mokrom 
betonu

0.7 0.5

Čelik na ledu 0.1 0.05

Drvo na drvu 0.35 0.3

link 2 link 3

https://www.youtube.com/watch?v=uxzkmpYMVBI
https://www.youtube.com/watch?v=4VES8zbmobI


rad i energija
Princip očuvanja energije

Energija se ne može stvoriti ili uništiti, već se samo može
mijenjati iz jednog oblika u drugi.



Energija se ne može stvoriti ili uništiti, ve se samo može mijenjati iz 

jednog oblika u drugi.
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ovjek na auto djeluje konstantnom silom F na putu s, u 

smjeru puta. Pri tome je izvršen rad:

W = F s   [J]

Pojam rada vezan je uz gibanje. Ako se tijelo ne giba, rad je 

nula bez obzira ako na njega djelujemo silom.

Čovjek na auto djeluje konstatnom silom F na putu s, u smjeru puta. 
Pri tome je izvršen rad:

W = F·s [J]



rad i energija

5.1 Work 119

done only if an object is moved through some displacement while a force is ap-
plied to it. If either the force or displacement is doubled, the work is doubled.
Double them both, and the work is quadrupled. Doing work involves applying a
force to an object while moving it a given distance.

Figure 5.1 shows a block undergoing a displacement along a straight
line while acted on by a constant force in the same direction. We have the follow-
ing definition:

The work W done on an object by a constant force is given by

[5.1]

where F is the magnitude of the force, !x is the magnitude of the displace-
ment, and and point in the same direction.
SI unit: joule ( J) ! newton " meter ! kg " m2/s2

It’s easy to see the difference between the physics definition and the everyday
definition of work. The programmer exerts very little force on the keys of a key-
board, creating only small displacements, so relatively little physics work is done.
The mason must exert much larger forces on the concrete blocks and move them
significant distances, and so performs a much greater amount of work. Even very
tiring tasks, however, may not constitute work according to the physics definition.
A truck driver, for example, may drive for several hours, but if he doesn’t exert a
force, then F # 0 in Equation 5.1 and he doesn’t do any work. Similarly, a student
pressing against a wall for hours in an isometric exercise also does no work, be-
cause the displacement in Equation 5.1, !x, is zero.1 Atlas, of Greek mythology,
bore the world on his shoulders, but that, too, wouldn’t qualify as work in the
physics definition.

Work is a scalar quantity—a number rather than a vector—and consequently is
easier to handle. No direction is associated with it. Further, work doesn’t depend
explicitly on time, which can be an advantage in problems involving only
velocities and positions. Since the units of work are those of force and distance,
the SI unit is the newton-meter (N " m). Another name for the newton-meter is
the joule ( J) (rhymes with “pool”). The U.S. customary unit of work is the foot-
pound, because distances are measured in feet and forces in pounds in that
system.

Complications in the definition of work occur when the force exerted on an
object is not in the same direction as the displacement (Figure 5.2.) The force,
however, can always be split into two components—one parallel and the other
perpendicular to the direction of displacement. Only the component parallel to
the direction of displacement does work on the object. This fact can be expressed
in the following more general definition:

The work W done on an object by a constant force is given by

[5.2]

where F is the magnitude of the force, is the magnitude of the object’s
displacement, and is the angle between the directions of and .
SI unit: joule ( J)

In Figure 5.3, a man carries a bucket of water horizontally at constant velocity.
The upward force exerted by the man’s hand on the bucket is perpendicular to

! x:F
:

$
! x

W ! (F cos $)!x

F
:

!x:F
:

W # F !x

F
:

F
:

! x:

1Actually, you do expend energy while doing isometric exercises, because your muscles are continuously contracting
and relaxing in the process. This internal muscular movement qualifies as work according to the physics definition.

∆x

F

Figure 5.1 A constant force in
the same direction as the displace-
ment, , does work F!x.!x:

F
:

! Work by a constant force along the
displacement

! Work by a constant force at an angle
to the displacement

∆x

F cos uu

F

Figure 5.2 A constant force 
exerted at an angle $ with respect to
the displacement, , does work
(F cos $)!x.

! x:

F
:

TIP 5.1 Work is a Scalar 
Quantity
Work is a simple number—a scalar,
not a vector—so there is no direction
associated with it. Energy and energy
transfer are also scalars.
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Sila i pomak ne moraju biti u istom smjeru!
Rad je tada dan kao umnožak komponente sile u smjeru pomaka i 
pomaka (skalarni umnožak vektora sile i pomaka):

 W =
!
F ⋅ !s = F ⋅cos θ( ) ⋅ s, W =

!
F ⋅d!s∫

Predznak rada ovisi o smjeru sile u odnosu na smjer pomaka:



Sila i pomak ne moraju biti u istom smjeru.

Rad je tada dan kao produkt komponente sile u smjeru 

pomaka i pomaka (skalarni produkt vektora sile i pomaka):

Fizika za matematiare – 2009.

pomaka i pomaka (skalarni produkt vektora sile i pomaka):

sFsFW ⋅Θ=⋅= )cos(


Predznak rada ovisi o smjeru sile u odnosu na smjer pomaka.

b) W>0

c) W<0

b) W > 0
c) W < 0



rad i energija
Pojam rada vezan je uz gibanje. Ako se tijelo ne giba, rad je nula bez obzira 
ako na njega djelujemo silom.



rad i energija



konceptualno pitanje

Dvije sile djeluju na kutiju prikazanu na slici i pomiču ju po podu.
Koja od ovih dviju sila obavlja veći rad?

a) sila F1

b) sila F2

c) obje obavljaju isti rad koji nije nula
d) obje obavljaju rad koji je jednak nuli



Dvije sile djeluju na kutiju prikazanu na slici i

Fizika za matematiare – 2009.

Dvije sile djeluju na kutiju prikazanu na slici i

pomiu je po podu. Koja od ovih dviju sila vrši 

vei rad:

a) sila F1

b) sila F2

c) obje vrše isti rad koji nije nula

d) obje vrše rad koji je jednak nuli



rad, snaga i energija

Ukupna sila
djeluje na tijelo

Djelujući sila
obavlja rad

Rezultat je promjena
kinetičke energije tijela

Rad vanjske sile

F = m·a
W = F·s
v2 - v02 = 2 a·s

v = a·t + v0

s = a·t2/2 + v0·t

jednadžbe kinematike

W = F·s = ½ m·v2 - ½ m·v02 Teorem rada
i energije

Kinetička
energija Ek =

1
2
mv2

Definicija
prosječne
snage

P = W
t

[Watt W = J / s]



izvod teorema rad-
energija

a = dv
dt

=
dv
ds
ds
dt
= v dv

ds

II Newtonov zakon:

Wuk = Fuk ds =s0

s f

∫ mads =
s0

s f

∫ mv dv
ds
ds = mvdv =

v0

v f

∫s0

s f

∫

= m vdv = m v2

2 v0

v f

=
v0

v f

∫
1
2
mvf

2 −
1
2
mv0

2



rad, snaga i energija

W = F ⋅ s = 1
2
mv2



konzervativne sile

Rad gravitacijske

sile ne ovisi o putu !

W = 0 za

zatvorenu putanju.

Fizika za matematiare – 2009.

DEFINICIJA

KONZERVATIVNE

SILE

Sila je konzervativna kada rad te sile na tijelo ne ovisi o

putu izmeu poetne i konane toke.

Rad konzervativne sile na zatvorenom putu je 0.

KONZERVATIVNE SILE

NEKONZERVATIVNE SILE

gravitacijska, elastina, elektrina, ....

statiko i dinamiko trenje, sila 

napetosti, okomita sila

Rad gravitacijske sile
ne ovisi o putu!
W = 0 za zatvorenu putanju.

DEFINICIJA
KONZERVATIVNE
SILE

Sila je konzervativna kada rad te sile na tijelo ne 
ovisi o putu između početne i konačne točke.
Rad konzervativne sile na zatvorenom putu je 0.

KONZERVATIVNE SILE           gravitacijska, elastična, električna...
NEKONZERVATIVNE SILE     statičko i dinamičko trenje, sila napetosti,

                          okomita sila



zakon očuvanja 
mehaničke energije

MEHANIČKA
ENERGIJA E = Ek + Ep

Ako djeluju nekonzervativne
sile, mehanička energija nije očuvana! Wnc = Ef - E0 ≠ 0

ZAKON OČUVANJA
MEHANIČKE ENERGIJE
(Wc = 0)

Wc = 0 = Ef - E0

Ef - E0
1
2
mvf

2 + mghf =
1
2
mv0

2 + mgh0



rad gravitacijske sile


Rad gravitacijske sile tijekom 

slobodnog pada

Fizika za matematiare – 2009.

Rad ovisi samo o razlici visina.

Rad gravitacijske sile tokom
slobodnog pada:

 Wgr = mgcos0!( ) h0 − hf( ) = mg h0 − hf( )



Rad gravitacijske sile tijekom 

slobodnog pada

Fizika za matematiare – 2009.

Rad ovisi samo o razlici visina.Rad ovisi samo o razlici visina.



rad gravitacijske sile

Polje gravitacije je konzervativno!

Rad koji je uložen penjanjem po ljestvama 
vraća se u obliku kinetičke energije 
prilikom skoka ili spuštanjem niz 
tobogan bez trenja



nekonzervativne sile

Trenje - nekonzervativna sila!
Rad sile trenja prilikom izravnog pomicanja 
knjige iz točke A u točku B je tri puta manji 
od rada sile trenja prilikom pomicanja knjige 
po segmentima A-D-C-A



gravitacijska 
potencijalna energija

Rad gravitacijske sile
tokom slobodnog pada W = mgyi - mgyf

početna
gravitacijska
potencijalna
energija
Ep0

konačna
gravitacijska
potencijalna
energija
Epf

Gravitacijska potencijalna
energija [J] Ep = mg∆y



konceptualno pitanje

Satelit se giba oko Zemlje po
a) kružnoj putanji
b) eliptičnoj putanji

Rad gravitacijske sile je

a) različit od 0 u oba slučaja
b) različit od 0 u slučaju a)
c) različit od 0 u slučaju b)
d) 0 u oba slučaja

Satelit se giba oko Zemlje po

a) kružnoj putanji, 

b) eliptinoj putanji

Rad gravitacijske sile je

KONCEPUTALNO PITANJE
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Rad gravitacijske sile je

a) razliit od 0 u oba sluaja

b) razliit od 0 u sluaju a)

c) razliit od 0 u sluaju b)

d) 0 u oba sluaja



elastična potencijalna 
energija

Fs = −kx - jednadžba opruge ili Hookeov zakon

W = F ⋅ x = 1
2
0 + kx[ ] ⋅ x = 1

2
kx2

Elastična pot. en.

EP =
1
2
kx2

W = F dx = kxdx = k x
2

2x1

x2∫x1

x2∫



elastična potencijalna 
energija

Elastična potencijalna energija pretvara 
se u kinetičku energiju tijela!



snaga
Često je vrijeme potrebno da se rad obavi bitno (npr. kod ubrzanja auta)

DEFINICIJA
PROSJEČNE

SNAGE
P = W

t
[Watt W = J / s]



esto je vrijeme potrebno da se rad izvrši bitno (npr. kod ubrzanja auta).

DEFINICIJA

PROSJENE

SNAGE t

W
P = [Watt W = J / s]
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Motor auta A ima veu snagu nego motor auta B. Koja od tvrdnji ispravno 

opisuje sposobnost ovih motora da vrše rad:

a) Motori A i B mogu izvršiti isti rad u istom vremenu.

b) U istom vremenu motor B može izvršiti vei rad.

c) Motori A i B mogu izvršiti isti rad, ali ga motor A izvrši brže.

Motor automobila A ima veću snagu nego motor automobila B. Koja od 
tvrdnji ispravno opisuje sposobnost ovih motora da obavljaju rad:

a) motori A i B mogu obaviti isti rad u istom vremenu
b) u istom vremenu motor B moze obaviti veci rad
c) motori A i B mogu obaviti isti rad, ali ga motor A obavi brže



snaga

P = W
t
=
F ⋅d
t

= F ⋅v

Korisnost motora: η =
Pout
Pin

<1

Snaga je brzina kojom se obavlja rad, ili brzina kojom 
se transformira energija!


