
Chapter 4  Forces and Newton’s Laws of Motion

Chapter 4

FORCES AND NEWTON’S LAWS OF MOTION

PREVIEW

Dynamics is the study of the causes of motion, in particular, forces. A force is a push or a pull. We arrange our knowledge of forces into three laws formulated by Isaac Newton: the law of inertia, the law of force and acceleration (Fnet = ma), and the law of action and reaction. Friction is the force applied by two surfaces parallel to each other, and the normal force is the force applied by two surfaces perpendicular to each other. Newton’s law of universal gravitation states that all masses attract each other with a gravitational force which is proportional to the product of the masses and inversely proportional to the square of the distance between them. The gravitational force holds satellites in orbit around a planet or star. 
The content contained in all sections of chapter 4 of the textbook is included on the AP Physics B exam. 
QUICK REFERENCE

Important Terms

coefficient of friction  
the ratio of the frictional force acting on an object to the normal force exerted by the surface in which the object is in contact; can be static or kinetic

dynamics   
the study of the causes of motion (forces)

equilibrium  
the condition in which there is no unbalanced force acting on a system, that is, the 
vector sum of the forces acting on the system is zero.
force   
any influence that tends to accelerate an object; a push or a pull
free body diagram


a vector diagram that represents all of the forces acting on an object

friction   
the force that acts to resist the relative motion between two rough surfaces which are in contact with each other
gravitational field  
space around a mass in which another mass will experience a force

gravitational force  
the force of attraction between two objects due to their masses 
inertia   
the property of an object which causes it to remain in its state of rest or motion at a constant velocity; mass is a measure of inertia

inertial reference frame  
a reference frame which is at rest or moving with a constant velocity; Newton’s laws are valid within any inertial reference frame

kinetic friction  
the frictional force acting between two surfaces which are in contact and moving relative to each other

law of universal gravitation   
the gravitational force between two masses is proportional to the product of the masses and inversely proportional to the square of the distance between them.

mass  
a measure of the amount of substance in an object and thus its inertia; the ratio of the net force acting on an accelerating object to its acceleration

net force   
the vector sum of the forces acting on an object
newton   
the SI unit for force equal to the force needed to accelerate one kilogram of mass 
by one meter per second squared

non-inertial reference frame  
a reference frame which is accelerating; Newton’s laws are not valid within a non-inertial reference frame.

normal force   
the reaction force of a surface acting on an object

static friction   
the resistive force that opposes the start of motion between two surfaces  in contact

weight   
the gravitational force acting on a mass

Equations and Symbols

[image: image68.bmp]
where

F = force

m = mass

a = acceleration

W = weight

g = acceleration due to gravity
fs max = maximum static frictional force

fk = kinetic frictional force

FN = normal force

FG = gravitational force

r = distance between the centers of two masses

Ten Homework Problems
Chapter 4 Problems 23, 24, 36, 44, 52, 58, 67, 68, 70, 80
DISCUSSION OF SELECTED SECTIONS

Newton’s Laws of Motion

The first law of motion states that an object in a state of constant velocity (including zero velocity) will continue in that state unless acted upon by an unbalanced force. The property of the book which causes it to follow Newton’s first law of motion is its inertia. Inertia is the sluggishness of an object to changing its state of motion or state of rest. We measure inertia by measuring the mass of an object, or the amount of material it contains. Thus, the SI unit for inertia is the kilogram. We often refer to Newton’s first law as the law of inertia. 
The law of inertia tells us what happens to an object when there are no unbalanced forces acting on it. Newton’s second law tells us what happens to an object which does have an unbalanced force acting on it: it accelerates in the direction of the unbalanced force. Another name for an unbalanced force is a net force, meaning a force which is not canceled by any other force acting on the object. Sometimes the net force acting on an object is called an external force.

Newton’s second law can be stated like this: A net force acting on a mass causes that mass to accelerate in the direction of the net force. The acceleration is proportional to the force (if you double the force, you double the amount of acceleration), and inversely proportional to the mass of the object being accelerated (twice as big a mass will only be accelerated half as much by the same force). In equation form, we write Newton’s second law as 

Fnet = ma
where Fnet and a are vectors pointing in the same direction. We see from this equation that the newton is defined as a 
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The weight of an object is defined as the amount of gravitational force acting on its mass. Since weight is a force, we can calculate it using Newton’s second law:

Fnet = ma  becomes Weight = mg,

where the specific acceleration associated with weight is, not surprisingly, the acceleration due to gravity. Like any force, the SI unit for weight is the newton.
Newton’s third law is sometimes called the law of action and reaction. It states that for every action force, there is an equal and opposite reaction force. For example, let’s say your calculator weighs 1 N. If you set it on a level table, the calculator exerts 1 N of force on the table. By Newton’s third law, the table must exert 1 N back up on the calculator. If the table could not return the 1 N of force on the calculator, the calculator would sink into the table. We call the force the table exerts on the calculator the normal force. Normal is another word for perpendicular, because the normal force always acts perpendicularly to the surface which is applying the force, in this case, the table. The force the calculator exerts on the table, and the force the table exerts on the calculator are called an action-reaction pair.
4.3 – 4.4 Newton’s Second Law of Motion and the Vector Nature of Newton’s Second Law of Motion

Since force is a vector quantity, we may break forces into their x and y components. The horizontal component of a force can cause a horizontal acceleration, and the vertical component of a force can cause a vertical acceleration. These horizontal and vertical components are independent of each other. 

Example 1 A forklift lifts a 20-kg box with an upward vertical acceleration of 2.0 m/s2, while pushing it forward with a horizontal acceleration of 1.5 m/s2. 
(a) Draw a free-body diagram for the box on the diagram below.


[image: image3]
(b) What is the magnitude of the horizontal force Fx acting on the box?
(c) What is the magnitude of the upward normal force FN the platform exerts on the box?

(d) If the box starts from rest at ground level (x = 0,  y = 0, and v = 0) at time t = 0, write  

      an expression for its vertical position y as a function of horizontal distance x. 
(e) On the axes below, sketch a y vs x graph of the path which the box follows. Label all 
      significant points on the axes of the graph. 

[image: image4]
[image: image1.wmf]2

2

1

max

)

(

)

(

r

m

Gm

F

kinetic

F

f

static

F

f

mg

W

m

G

N

k

k

N

s

s

net

=

=

£

=

=

=

S

m

m

a

F

F

Solution: 
(a)                                                                              
[image: image5]
(b) The horizontal force Fx exerted by the wall causes the horizontal acceleration ax = 1.5 m/s2. Thus, the magnitude of the horizontal force is 
Fx = max = (200 kg)(1.5 m/s2) = 300 N

(c) In order to accelerate the box upward at 2.0 m/s2, the normal force FN must first overcome the downward weight of the box. Writing Newton’s second law in the vertical direction gives 
Fnet y = may 

(FN – W) = may
(FN – mg) = may
FN = may + mg = (200 kg)(2.0 m/s2) + (200 kg)(9.8 m/s2) = 2360 N
(d) Since the box starts from rest on the ground, we can write 
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Substituting for ax and ay, we get 
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Solving both sides for t and setting the equations equal to each other yields
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[image: image64.bmp](e) The graph of y vs x would be linear beginning at the origin of the graph and having a positive slope of  
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4.7 The Gravitational Force

Newton’s law of universal gravitation states that all masses attract each other with a gravitational force which is proportional to the product of the masses and inversely proportional to the square of the distance between them. The gravitational force holds satellites in orbit around a planet or star. 

The equation describing the gravitational force is 
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where FG is the gravitational force, m1 and m2 are the masses in kilograms, and r is the distance between their centers. The constant G simply links the units for gravitational force to the other quantities, and in the metric system happens to be equal to 6.67 x 10-11 Nm2/kg2. Like several other laws in physics, Newton’s law of universal gravitation is an inverse square law, where the force decreases with the square of the distance from the centers of the masses.
Example 2  An artificial satellite of mass m1 = 400 kg orbits the earth at a distance 
r = 6.45 x 106 m above the center of the earth. The mass of the earth is m2 = 5.98 x 1024 kg. Find (a) the weight of the satellite and (b) the acceleration due to gravity at this orbital radius. 

Solution  (a) The weight of the satellite is equal to the gravitational force that the earth exerts on the satellite:
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(b) The acceleration due to gravity is 
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Note that even high above the surface of the earth, the acceleration due to gravity is not zero, but only slightly less than at the surface of the earth. 

4.8 – 4.9 The Normal Force, Static and Kinetic Frictional Forces 
The normal force FN is the perpendicular force that a surface exerts on an object. If a box sits on a level table, the normal force is simply equal to the weight of the box:


[image: image16]
If the box were on an inclined plane, the normal force would be equal to the component of the weight of the box which is equal and opposite to the normal force:

[image: image65.bmp][image: image66.bmp]
In this case, the component of the weight which is equal and opposite to the normal force is mgcos θ. 
Friction is a resistive force between two surfaces which are in contact with each other. There are two types of friction: static friction and kinetic friction. Static friction is the resistive force between two surfaces which are not moving relative to each other, but would be moving if there were no friction. A block at rest on an inclined board would be an example of static friction acting between the block and the board. If the block began to slide down the board, the friction between the surfaces would no longer be static, but would be kinetic, or sliding, friction. Kinetic friction is typically less than static friction for the same two surfaces in contact. 
The ratio of the frictional force between the surfaces divided by the normal force acting on the surfaces is called the coefficient of friction. The coefficient of friction is represented by the Greek letter ( (mu). Equations for the coefficients of static and kinetic friction are
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,  where fs is the static frictional force and fk is the kinetic frictional force. Note that the coefficient of static friction is equal to ratio of the maximum frictional force and the normal force. The static frictional force will only be as high as it has to be to keep a system in equilibrium. 
When you draw a free body diagram of forces acting on an object or system of objects, you would want to include the frictional force as opposing the relative motion (or potential for relative motion) of the two surfaces in contact. 

Example 3  A block of wood rests on a board. One end of the board is slowly lifted until the block just begins to slide down. At the instant the block begins to slide, the angle of the board is θ. What is the relationship between the angle θ and the coefficient of static friction μs?
Solution  Let’s draw the free-body diagram for the block on the inclined plane:

[image: image19]
At the instant the block is just about to move, the maximum frictional force directed up the incline is equal and opposite to the +x-component of the weight down the incline, and the normal force is equal and opposite to the y-component of the weight. 
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This expression is only valid for the case in which the static frictional force is maximum. 
Example 4  After the block in Example 3 just begins to move, should the board be lowered or raised to keep the block moving with a constant velocity down the incline?

Explain your answer.

Solution  Since the coefficient of kinetic friction is generally less than the coefficient of static friction for the same two surfaces in contact, the block would require less force directed down the incline (mgsin θ) to keep it sliding at a constant speed. Thus, the board should be lowered to a smaller θ just after the block begins to slide to keep the block moving with a constant velocity. 
4.10 – 4.11 The Tension Force, Equilibrium Applications of Newton’s Laws of Motion

The force in a rope or cable that pulls on an object is called the tension force. Like any other force, tension can accelerate or contribute to the acceleration of an object or system of objects. 

Example 5  An elevator cable supports an empty elevator car of mass 300 kg. Determine the tension in the cable when the elevator car is (a) at rest and (b) the car has a downward acceleration of 2.0 m/s2.
Solution  (a) The free-body diagram for the car would look like this:


[image: image21]
When the elevator car is at rest, the tension in the cable FT is equal to the weight W of the car:

FT = W = mg = (300 kg)(10 m/s2) = 3000 N.
(b) When the elevator car is being lowered with an acceleration of 2.0 m/s2, the downward weight force is greater than the upward tension force. We can use Newton’s second law to find the tension in the cable. Choosing the downward direction as positive, 
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A system is said to be static if it has no velocity and no acceleration. According to Newton’s first law, if an object is in static equilibrium, the net force on the object must be zero. 
Example 6  Three ropes are attached as shown below. The tension forces in the ropes are T1, T2, and T3, and the mass of the hanging ball is m= 3.0 kg. 

[image: image23]
Since the system is in equilibrium, the net force on the system must be zero. We can find the tension in each of the three ropes by finding the vector sum of the tensions and setting this sum equal to zero: 

[image: image67.bmp]
[image: image24]
T1 + T2 + T3 = 0
Since T1 is in the negative y-direction, T1 must be equal to the weight mg of the mass. As we resolve each tension force into its x- and y-components, we see that

T1 = mg = (3.0 kg)(10 m/s2) = 30 N
T2x = T2cos40 and T2y = T2sin40

T3x = T3cos30 and  T3y = T3sin30

Since the forces are in equilibrium, the vector sum of the forces in the x-direction must equal zero: 

ΣFx = 0
T2x = T3x
T2cos40 = T3cos30
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The sum of the forces in the y-direction must also be zero:

ΣFy = 0

T2y + T3y = W

T2sin40 + T3sin30 = W

Knowing that 
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, we can solve the equations above for each of the tensions in the ropes:
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4.12 Nonequilibrium Applications of Newton’s Laws of Motion
If the net force acting on a system is not zero, the system must accelerate. A common example used to illustrate Newton’s second law is a system of blocks and pulley. 
Example 7   In the diagram below, two blocks of mass m1 = 2 kg and m2 = 6 kg are connected by a string which passes over a pulley of negligible mass and friction. What is the acceleration of the system?
Solution  Let’s draw a free-body force diagram for each block. There are two forces acting on each of the masses: weight downward and the tension in the string upward. Our free-body force diagrams should look like this:


[image: image29]
Writing Newton’s second law for each of the blocks:
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Notice that the tension T acting on the 2 kg block is greater than block its weight, but the 6 kg block has a greater weight than the tension T. This is, of course, the reason the 6 kg block accelerates downward and the 2 kg block accelerates upward. The tension acting on each block is the same, and their accelerations are the same. Setting their tensions equal to each other, we get
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Solving for a, we get
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Example 8  A block of mass m1 = 2 kg rests on a horizontal table. A string is tied to the block, passed over a pulley, and another block of mass m2 = 4 kg is hung on the other end of the string, as shown in the figure below. The coefficient of kinetic friction between the 2 kg block and the table is 0.2. Find the acceleration of the system.

Solution  Once again, let’s draw a free-body force diagram for each of the blocks, and then apply Newton’s second law.
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Block 1:


[image: image34.wmf]a

m

g

m

T

a

m

g

m

T

g

m

F

a

m

F

T

a

m

f

T

m

k

k

N

N

k

k

1

1

1

1

1

1

1

1

1

,

 

Since

+

=

=

-

=

=

-

=

-

=

S

m

m

m

a

F


Block 2:
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Setting the two equations for T equal to each other:
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Solving for a and substituting the values into the equation, we get
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Example 9  Three blocks of mass m1, m2, and m3 are connected by a string passing over  pulley attached to a plane inclined at an angle θ as shown below.

[image: image38]
The friction between each block on the inclined plane and the surface of the plane has a magnitude f. 

(a) Draw the forces acting on each block. 

(b) Assuming that m3 is large enough to descend and cause the system to accelerate, determine the acceleration of the system in terms of the given quantities and fundamental constants. 
(c) As m2 reaches the top of the inclined plane, it comes to rest up against the pulley. The vertical string supporting m3 is cut, and m1 and m2 begin to slide down the incline. Assuming  m1 = m2, what is the speed of the blocks after they have slid a distance d down the plane?
Solution  (a) 
[image: image39]
(b) Since the pulley serves only to change the direction of the tension in the string that passes over it, we may find the acceleration of the system by treating the masses as if they lie in a straight line and are accelerated by the weight of the hanging block m3:
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Newton’s second law:
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(c) Since m1 = m2, and friction f acts equally on both, they slide down the plane with equal acceleration and speed. Thus, the two blocks slide down the incline as if they were 
one block of mass m1 + m2 accelerated down the plane by a force of (m1 + m2)gsin θ against a frictional force of 2f directed up the plane. 

[image: image42]
Newton’s second law for the system is 
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CHAPTER 4 REVIEW QUESTIONS
For each of the multiple choice questions below, choose the best answer. 
Unless otherwise noted, use g = 10 m/s2 and neglect air resistance. 

1. The amount of force needed to keep a 0.2 kg hockey puck moving at a constant speed of 7 m/s on frictionless ice is

(A) zero

(B) 0.2 N

(C) 0.7 N

(D) 7 N

(E) 70 N

2. A force of 26 N is needed to overcome a frictional force of 5 N to accelerate a 3 kg mass across a floor. What is the acceleration of the mass?

(A) 4 m/s2
(B) 5 m/s2
(C) 7 m/s2
(D) 20 m/s2
(E) 60 m/s2
3. A force of 100 N directed at an angle of 45( from the horizontal pulls a 70 kg sled across a frozen frictionless pond. The acceleration of the sled is most nearly (sin 45( = cos 45( = 0.7)

(A) 1.0 m/s2
(B) 0.7 m/s2
(C) 7 m/s2
(D) 35 m/s2
(E) 50 m/s2


4. Which of the following is true of the magnitudes of  tensions T1, T2, and T3 in the ropes in the diagram shown above?

(A) T1 must be greater than 30 N.

(B) The tension T2 is greater than T1.

(C) The y-component of T2 and T3 is equal to 30 N.

(D) The sum of the magnitudes of T2 and T3 is equal to T1.

(E) The sum of the magnitudes of T1 and T2 is equal to T3.

5. Two blocks of mass m and 5m are connected by a light string which passes over a pulley of negligible mass and friction. What is the acceleration of the masses in terms of the acceleration due to gravity, g?

(A) 4g
(B) 5g
(C) 6g
(D) 4/5 g
(E) 2/3 g
6. A 1-kg block rests on a frictionless table and is connected by a light string to another block of mass 2 kg. The string is passed over a pulley of negligible mass and friction, with the 2 kg mass hanging vertically. What is the acceleration of 

the masses?

(A) 5 m/s2
(B) 6.7 m/s2
(C) 10 m/s2
(D) 20 m/s2
(E) 30 m/s2
7. Friction

(A) can only occur between two surfaces which are moving relative to one another.

(B) is equal to the normal force divided by the coefficient of friction.
(C) opposes the relative motion between the two surfaces in contact.

(D) only depends on one of the surfaces in contact.

(E) is always equal to the applied force.


[image: image44]
8. A 2-kg wooden block rests on an inclined plane as shown above. The frictional force between the block and the plane is most nearly (sin 30 = 0.5,  cos 30 = 0.87, tan 30 = 0.58)

(A) 2 N

(B) 10 N

(C) 12 N

(D) 17 N

(E) 20 N

9. Which of the following diagrams of two planets would represent the largest gravitational force between the masses?

(A) 
c
[image: image45]

(B)


(C)


(D)


(E)

10. A satellite is in orbit around the earth. Consider the following quantities:

I. distance from the center of the earth

II. mass of the earth

III. mass of the satellite

The gravitational acceleration g depends on which of the above?

(A) I only

(B) I and II only

(C) III only

(D) I and III only

(E) I, II, and III
Free Response Question

Directions: Show all work in working the following question. The question is worth 15 points, and the suggested time for answering the question is about 15 minutes. The parts within a question may not have equal weight. 
1. (15 points)

A block of mass m rests on an air table (no friction), and is pulled with a force probe, producing the Force vs. acceleration graph shown below. 
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Force vs. Acc

20

40 50
acceleration (m/s2)




(a) Determine the mass of the block. 

The block is now placed on a rough horizontal surface having a coefficient of static friction μs = 0.2, and a coefficient of kinetic (sliding) friction μk = 0.1. 

(b) What is the minimum value of the force F which will cause the block to just begin to move?


[image: image47]
(c) After the block begins to move, the same force determined in part (b) continues to act  

      on the block. What is the acceleration of the block?
(d) The force F is now tripled to 3F, which then pulls the block up an incline of angle 
      θ = 20˚ and having a coefficient of kinetic friction μk = 0.1. 

i. Draw the free-body diagram for the block as it is being pulled up the incline.



ii. Determine the magnitude of the frictional force fk  acting on the block as it 

    slides up the incline.
iii. Determine the acceleration of the block as it is pulled up the incline.
ANSWERS AND EXPLANATIONS TO CHAPTER 4 REVIEW QUESTIONS

Multiple Choice

1. A
The law of inertia states that no net force is needed to keep an object moving at a constant velocity.

2. C

The net force is 26 N – 5 N = 21 N, and the acceleration is 
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3. A

Only the x-component of the force accelerates the sled horizontally: Fx=(100 N)cos45˚= 70 N. Then 
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4. C
T2y + T3y must equal the weight of the block (30 N), since the system is in equilibrium.

5. E

The net force acting on the system is 5mg – mg = 4 mg. Then
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6. B
The weight of the 2 kg block is the net force accelerating the entire system.
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7. C

Friction acts on each of the surfaces in contact that are moving or have the potential for moving relative to each other.

8. B
Since the block is in static equilibrium, the frictional force must be equal and opposite to the component of the weight pointing down the incline:
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9. D

The greater the mass, and the smaller the separation distance r, the greater the force according to Newton’s law of universal gravitation.

10. B

Since the acceleration due to gravity 
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Free Response Problem Solution
(a) 2 points
Newton’s 2nd law states that 
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(b) 2 points
The block will just begin to move when the force F overcomes the maximum static frictional force: 
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(c) 3 points
Once the block begins to move we must use the coefficient of kinetic friction to determine the frictional force. 
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Then the net force acting on the block is F – fk = 6 N – 3 N = 3 N to the right.

The acceleration of the block is
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(d) 

i. 3 points
ii. 2 points
As the block sides up the incline, the normal force FN is no longer equal to mg, but mgcosθ.
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iii. 3 points

The net force is now
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