Chapter 4 – Laws of Motion

This is the first of two chapters on Newton’s laws of motion.  Isaac Newton was one of the greatest scientists of all time and his work provides the foundation of classical mechanics.  In addition to the laws of motion, Newton also discovered the law of universal gravitation, which applies to planetary and satellite.  He also invented calculus.

Newton’s laws of motion are

1. A body at rest remains at rest and a body in motion remains in motion with constant velocity unless acted on by a net external force.  This is referred to as the law of inertia.

2. Simply stated, (F = ma.  In this equation (F is the vector sum of all the forces acting on the object, m is the mass of the object, and a is the object’s acceleration.

3. For every action force, there is an oppositely directed reaction force of the same magnitude.  In equation form, F12 = -F21, where F12 is the force acting on object 1 by object 2 and F21 is the force on object 2 by object 1.

These equations involve the concepts of force, mass, and acceleration.  We already know about acceleration from previous chapters.  Acceleration is the rate at which the velocity changes, a = (v/(t.  Qualitatively, a force is a push or a pull.  It can come from direct contact or it can be action at a distance (e.g., magnetic force, gravitational force).  Force can be measured in terms of the acceleration it gives to a standard mass using F = ma.  Mass can be measured relative to a standard mass by comparing the acceleration that a fixed force gives it compared to the acceleration that the same force gives to the standard mass.  In the SI system, mass has units of kilograms (kg) and force has units of newtons (N).  1 N = 1 kg(m/s2.

First Law
The first law is simply a special case of the second law.  If (F = 0, then a = 0, which means that v = constant (in magnitude and direction).

A ball going through the air does not maintain constant velocity since the force on the ball is not zero.  After the ball is thrown, the forces acting on it are gravity (down) and air resistance (opposite to its velocity).  (The force of the throw vanishes after the ball is released.)  If a ball were thrown in outer space far away from the pull of gravity of celestial bodies, then it would continue moving indefinitely with constant speed without changing direction.

Second Law
The 2nd law says that an object will accelerate (speed up, slow down, or change direction) if all the forces acting on the object don’t balance out.  The acceleration will be in the same direction as the net force.  That is,


a = (F/m

In terms of components,  ax = (Fx/m,  ay = (Fy/m,  az = (Fz/m.
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Third Law
The 3rd law is very simple, but is easily misunderstood.  It says, for example, that if I push on you then you push back with an equal force.  It doesn’t matter our relative sizes or motions.

Weight and Mass

The weight (W) of an object is the gravitational force acting on the object.  If you drop an object, then the force on the object if F = W and its acceleration is a = g.  Thus, by Newton’s 2nd law, F = ma, or W = mg.  An object has the same mass regardless of whether it is on earth, on the moon, or in outer space.  Its weight depends on where it is.  On earth a 1 kg mass has a weight W = (1 kg)(9.8 m/s2) = 9.8 N.  On the moon, where g = 1.6 m/s2, a 1 kg mass has a weight W = (1 kg)(1.6 m/s2) = 1.6 N.  In outer space, far from the earth or any other celestial body, the weight of a 1 kg mass is zero.  

Law of Universal Gravitation
Newton showed that any two masses are attracted to each by a force given by



[image: image30.wmf] 

T

 

f

k

 

m

1

g

 

mass 1

 

T

 

m

1

g

 

a

 

a

 

mass 2

 

n

 

, where G = 6.67 x 10-11 N(m2/kg2
Thus, if m1 = M is the mass of the earth and m2 = m is a mass on the surface of the earth, then the weight of m is given by
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In this expression, r is the distance from m to the center of the earth.

Since can also write W = mg, then 
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The mass of the earth is M = 5.98 x 1024 kg and the radius of earth is r = 6.38 x 106 m.  Thus, 



[image: image4.wmf]2

2

6

24

11

/

8

.

9

)

10

38

.

6

(

)

10

98

.

5

)(

10

67

.

6

(

s

m

x

x

x

g

=

=

-


According to the law of universal gravitation, the weight of an object gets smaller as it gets further from the center of the earth.  For example, if a man weighs 160 lb (712 N) on the surface of the earth, then at an altitude equal to the radius of earth, he would weigh 160 lb/(2)2 = 40 lb.  The acceleration of gravity at this altitude would be 9.8 m/s2/(2)2 = 2.45 m/s2. 

Examples:  

· If you weigh 150 lb, then the earth pulls down on you with a force of 150 lb.  As a consequence, you pull up on the earth with a force of 150 lb.

· A Mack truck traveling at 60 mph makes a head-on collision with a motorcycle traveling at 30 mph.  The force exerted by the truck on the motorcycle is exactly the same in magnitude as the force exerted by the motorcycle on the truck.

Equilibrium
If the sum of the forces on an object is zero, then it is in equilibrium (even if moving with constant velocity).  In 2-D,
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(Fx = 0, (Fy = 0

Example:  Mass resting on a table.  

The two forces acting on the mass are the upward force exerted by the table, n, (n for ‘normal’ or perpendicular direction) and the downward pull of gravity, mg.  Thus,


(Fy = n – mg = 0, or n = mg
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Example:  Mass suspended by ropes.  Find the tensions, T1, T2, and T3, in the ropes.  

The tensions are the forces with which the ropes pull on the knots which tie the ropes together.  The mass is in equilibrium, so


(Fy = T3 – mg, 

so T3 = mg = (20 kg)(9.8 m/s2) = 196 N
The knot is in equilibrium.  We show the forces acting on the knot on a x-y coordinate system.  Then
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(Fx = -T1cos(30o) + T2cos(50o) = 0


(Fy = T1sin(30o) + T2sin(50o) – T3 = 0

Or,
0.866T2 = 0.643T1

0.5T1 + 0.766T2 = 196 N

Combining these two eqs to solve for T1 and T2 –


0.5T1 + 0.766(0.643T1/0.866) = 196


1.069T1 = 196, or T1 = 183 N
Then, T2 = 0.643T1/0.866 = 0.643(183)/0.866, or T2 = 136 N
[image: image12.wmf] 

1

 

2

 

F

12

 

F

21

 = 

-

F

12

 


Example:  A 4-kg block is pulled along a level frictionless surface by a 20-N horizontal force.  What is the acceleration of the block? 

A ‘freebody’ diagram is given to the right, showing all the forces acting on the mass.  Applying the 2nd law,


(Fx = max, or 25 N = (5 kg)ax, or


ax = 20/4 = 5 m/s2
What is the normal force exerted on the block by the table?


(Fy = may = 0 (it can’t accelerate up or down)

Or, n – mg = 0, or n = mg = (4kg)(9.8 m/s2) = 39.2 N
Example:
The block in the example above is pulled with the 20-N force at an angle of 30o above the surface.
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The free body diagram is given to the right, and the forces are also shown on a x-y coordinate.  Now,


(Fx = Fcos( = max 

20N cos(30o) = 17.3 N = (4 kg)ax
ax = 17.3/4 = 4.3 m/s2
(Fy = Fsin( + n – mg = 0

n = mg - Fsin( 

= (4kg)(9.8 m/s2) – (20N)sin(30o) 

n = 29.2 N 

Example:  Inclined plane without friction.
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Find the acceleration down the plane and the normal force exerted on the block by the plane.

For simplicity, we choose a coordinate system with the y-axis perpendicular to the plane and resolve the forces into x- and y-components.  This way, we know that ay = 0 and we only have to find ax.  Then,


(Fy = n – mg cos( = ay = 0,  n = mg cos(


(Fx = mg sin( = max,  ax = g sin(
So the inclination of the plane reduces the normal force below that for a level surface (mg).  If ( = 30o, for example, then the normal force is 0.866 mg and the acceleration down the incline is 4.9 m/s2.

Friction
Friction is a force due the interaction of an object with its environment that opposes its motion.  Common examples are air resistance and the horizontal force between two objects in contact.
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Static Friction
Consider a block resting on a horizontal surface.  If you try to slide the block one way the surface will exert an opposing force in the opposite direction.  (This is in addition to the normal force exerted by the surface on the block.)  This static frictional force will increase as the push increases until it starts moving.  Empirically, it is found that the maximum static frictional force is proportional to the normal contact force between the block and the surface.  That is,
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where the proportionality constant (s is called the coefficient of static friction.  

Note:  In the above diagram where the surface is horizontal and the applied force is horizontal, n = mg.  This will not be the case if the applied force is directed upward or downward at an angle or if the surface is not horizontal.

Kinetic Friction
To a first approximation, a block sliding on a surface experiences a frictional force that is independent of its speed and also is proportional to the normal force.  That is, 
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where (s is the coefficient of kinetic friction.  Typically, (k < (s.  That is, it is easier to keep an object sliding at constant speed than to start it moving.  Also, typically (s < 1 and (k < 1 (but not always).
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Example:

A 5-kg block is pulled along a horizontal surface with a 35-N horizontal force.  The coefficient of kinetic friction between the block and the surface is 0.4.  Find the acceleration of the block.


(Fy = n – mg = 0,  n = mg = (5 kg)(9.8 m/s2) = 49 N



fk = (kn = (kmg = 0.4(5 kg)(9.8 m/s2) = 19.6 N


(Fx = F – fk =  max 

35 N – 19.6 N = (5 kg)ax,  ax = 3.1 m/s2
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Air resistance and terminal velocity
Unlike contact friction between two objects, air resistance increases with speed.  A skydiver falling through the air is pulled down by gravity (mg) and pulled up by air resistance (R).  The net downward force is 

(Fy  = mg – R = may (assuming down is positive)

Below his terminal velocity, R < mg and he accelerates.  When he reaches his terminal velocity, R = mg and ay = 0.  At this point he maintains a constant falling speed.
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Example:  Mass and pulley system.

Two masses are connected by a string draped over a light, frictionless pulley, as shown to the right.  The weight of the hanging mass pulls the 

other mass along the surface.  Friction exists between mass 1 and the surface.   We want to find the tension in the cord and the acceleration of the masses.

We apply Newton’s 2nd law to each mass separately.
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Mass 1:  

(Fy = n – m1g = 0,  n = m1g

(Fx = T – fk = m1a,  or

 T - (km1g = m1a
Mass 2:  


(Fy = m2g – T = m2a (down is positive)

There are two unknowns (T and a) and two equations (boxed).  If we add the two equations (left 1 + left 2 = right 1 + right 2) we will get


m2g - (km1g = (m1 + m2)a

or,
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Knowing a, we can find T using one of the boxed equations.
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