Ch. 4

Forces and Newton’s Laws of Motion

Galileo mathematically described the motion of objects with his kinematics formulas (chapters 2-3).  Kinematics does not explain why things move and behave the way they do. Newton’s Laws of Motion make up what is called “Newtonian Mechanics” or “Newtonian Dynamics” and describe why things move the way they do. 
Nature of Forces

· A force is a push or pull on an object.  Galileo demonstrated through his law of inertia that forces are not required for motion with constant velocity.  This does not necessarily mean that if an object is at rest or moving with constant velocity that there are no forces acting on the object.  It just means that the net force is zero (forces are balanced – the vector sum of the forces is zero).  For instance, if a car is traveling along a straight level road at constant velocity, there are four forces acting on the car.  The forward force from the engine is balanced by the resistive forces (air resistance, friction, etc.) and the force of gravity on the car is balanced by the force of the road pushing on the car.  If the driver removes his foot from the gas pedal, the car will slow since the resistive forces are now greater than the force of the engine.  Anytime the forces are not balanced, the objects motion must change.  As you will see in Newton’s second law, an unbalanced or net force always causes acceleration which may be a change in speed, direction, or both.
· A key to solving force problems is correctly identifying the external forces acting on an object.  To do this it is sometimes helpful to distinguish between contact and noncontact forces.  Contact forces arise from the physical contact between two objects such as a physical push or pull, friction, etc.  Noncontact forces (field forces) are forces that act over a distance (no physical contact).  The noncontact forces are gravity, electrostatic repulsion or attraction, and magnetism.  So to identify the forces acting on an object, label the field forces (only gravity in this chapter) and then label all the contact forces.  Note, in reality, all contact forces are actually due to electrical interactions, but that distinction need not be made.  
Newton’s Laws of Motion

1. Newton’s First Law of Motion – Law of Inertia [(F=0]

· Newton’s 1st law, sometimes called the law of inertia, states that an object in motion remains in motion with constant velocity or an object at rest remains at rest unless the object experiences a net external force.  As described above, this does not necessarily mean that there are no forces acting on an object.  It simply means that the vector sum of the forces acting on an object is zero; that is, the object is in equilibrium.
· Inertia is the resistance of an object to changes in its motion.  Mass is the measurement of inertia (kg).  The greater the mass of the object the more resistant the object is to changes in its motion.

2. Newton’s Second Law of Motion [(F=ma]

· When a net or unbalanced force acts upon an object, its rest or uniform motion is changed and the object must accelerate.  Newton’s 2nd law states that the magnitude of the acceleration is directly proportional to the magnitude of the net force (if you double the net force, you double the amount of acceleration), and inversely proportional to the mass (twice as big a mass will only be accelerated half as much by the same net force).  In equation form, Newton’s 2nd law is 
(F=ma 
where (F and a are vectors pointing in the same direction.  
From the units of mass and acceleration you can see that the units for force are kg m/s2 = N (Newton).  1 Newton is a little less than ¼ lb.
3. Newton’s Third Law—action-reaction [F12=-F21]

· Newton’s 3rd law states that whenever an object exerts a force on a second object, the second object exerts an equal and opposite force on the first object.  This law is often stated, “To every action, there is an equal and opposite reaction.” These equal and opposite forces are called action-reaction pairs.  These action reaction pairs are often misidentified by students.  For instance, if you push horizontally on a block of wood moving it across a straight level surface at constant velocity, you may say that the force of friction on the block is the reaction force to the force of your hand on the block.  Not true, even though the force of friction would indeed be equal and opposite to the force of your hand.  This is simply an application of Newton’s 1st law.  The reaction force to the force of your hand on the block is the force of the block on your hand.  It is the exact same force on the other object and it is always equal in magnitude and oppositely directed.  Another common mistake students make is by saying that if you push harder on the block causing it to accelerate, then the force of your hand on the block is greater than the force of the block on your hand.  Again, not true.  Those two forces (action-reaction pair) are always equal (the block would push back harder on your hand).  The reason the block accelerates is because the force of your hand is greater than friction.
Newton’s Law of Universal Gravitation

· Newton’s law of universal gravitation states that every particle in the universe exerts an attractive force on every other particle with the magnitude of the force being proportional to the product of the two masses and inversely to the square of the distance between the centers of the two masses.  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 since the surface area of a sphere encompassing a point is proportional to the square of its radial distance.
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G is the universal gravitational constant whose value is found experimentally to be 6.67 x 10-11 Nm2/kg2.

· Weight is a measure of the force of gravity on an object.  Weight, unlike mass, is not an inherent property of matter.  Weight (SI unit is N) is dependent on the force of gravity which varies with location due to the inverse square law.  Mass (SI unit is kg) is a property describing the amount of matter in an object which does not change with location.  To calculate the weight of an object, multiply the object’s mass by the gravitational field g (acceleration due to gravity). As shown below, the gravitational field of a planet is proportional to the mass and inversely to the square of the distance.
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Example:  What would be the acceleration due to gravity on a planet that has twice the mass of the earth and three times its diameter?
Free-body Diagrams
· The first step in solving most force problems is correctly drawing a free-body diagram.  A free-body diagram is a diagram that shows all the external forces acting on an object.  Look at the diagram below of a box at rest on an inclined plane.  Three external forces act on the box: (1) friction f up the incline, (2) gravity mg downward, and (3) the plane pushing up on the box FN which we will call the normal force since it always acts perpendicular to surface.  If we draw the x-axis parallel to the incline, gravity would have both a horizontal and vertical component which is depicted below as the dashed arrows.  The purpose of drawing the free-body diagram is to easily see the relationship among the forces.  Since the object is at rest, friction must be equal to the horizontal component of gravity mg sin( and the normal force would be equal to the vertical component of gravity mg cos(.  If the box were accelerating down the incline then mg sin( would be larger than friction and we would have to apply Newton’s 2nd law.
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Most common forces you will be identifying on free-body diagrams

1. Gravitational force (Fg or W or mg)
· The force of gravity always acts toward the center of mass of the objects.  If the object is close to the surface of the earth we will simply label the force weight.  Weight always acts downward toward the center of the earth.
2. Normal force (FN or N)
· Normal means perpendicular.  The normal force is the one component of the force that a surface exerts on an object with which it is in contact and is always directed perpendicular to the surface.  
3. Tension (FT or T)
· Tension is used in reference to forces applied by means of ropes, cables, etc.  Tension always acts in the direction of the rope or cable.
4. Friction (Ff or f)
· Friction is a resistive force between two surfaces which are in contact with each other.  Friction acts parallel to the surfaces in the direction that opposes motion. 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 the resistive force between surfaces in relative motion.  Kinetic friction is typically less than static friction for the same two surfaces in contact.
· The frictional force is directly proportional to the normal force


   f ( N
The constant that makes the proportionality into an equation is represented by the Greek letter ( (mu).   
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 where fs is the static frictional force and fk is the kinetic
( is the coefficient of friction which is a ratio of the frictional force to the normal force.  Its value depends upon the nature of the surfaces in contact.  The larger the value of (, the “stickier” the two surfaces are to each other.
Note the less than or equal to sign for static friction.  You will probably never use this equation for static friction since it would only be equal at the maximum frictional force.  The static frictional force will only be a large as necessary to keep the object in equilibrium.  
5. Later in the year you will be introduced to other forces (buoyant, spring, electrostatic, magnetic, etc).
Steps for solving challenging force problems

1. Draw a free-body diagram analyzing all the external forces on the object under analysis.
2. Establish a convenient coordinate axes analyzing x and y components independently (vector nature of forces).  If the object is accelerating, the problem is usually easier to solve if acceleration is parallel to either the x or y axis.
3. For each axis, determine whether or not the object is in equilibrium.  If the object is in equilibrium, apply Newton’s 1st law ((F=0) to write an equation relating the forces.  If the object is accelerating, apply Newton’s 2nd law ((F=ma) to relate the forces.  Set up as many equations as necessary to solve for all unknown variables.
Four common types of problems encountered

1. Inclined plane

A force of 200 N is required to slide a 325 N trunk up a 20.0o inclined plane with a constant velocity.  Calculate the coefficient of friction between the trunk and plane.

2. Tension in cables

 Find the tension in each cable in the diagram below.
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3. Pulleys

A light string that passes over a frictionless pulley connects two masses of 5.6 kg and 10.2 kg.

Determine the tension in each string, the acceleration of each mass, and the distance each mass will travel in the first second of motion if both start from rest.

4. The elevator

A man stands on a bathroom scale in an elevator at rest on the 1st floor.  The scale reads 900 N.  As the elevator moves up, the scale reading increases to 1000 N, then decreases back to 900 N.  Find the acceleration of the elevator.
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