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1. Friction



Friction is one of the most universal phenomena. It tends to resist any motion and to bring any body to rest.



Kinetic friction is friction between two bodies in relative motion with respect to each other. The force of friction exerted on a given body is always directed opposite to the direction of the body’s motion.



Friction is a complicated phenomenon and there exists no general theory that predicts the force of kinetic friction � EMBED Equation.2  ���. Friction depends on the type (physical state and chemical composition) of the surfaces in contact. In particular, the presence of even a thin layer of a lubricant may reduce the friction dramatically.



For the friction between two sliding surfaces, � EMBED Equation.2  ���is approximately proportional to the normal force (that is the force that either surface exerts on the other in the perpendicular direction)
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Here, � EMBED Equation.2  ��� is the coefficient of kinetic friction and is a dimensionless number. In most cases, � EMBED Equation.2  ���.

In contrast, static friction is the friction between two bodies that are at rest with respect to each other.

Static-friction force is equal in magnitude and opposite to the external force acting on the body.
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Friction coefficient for some pairs of surfaces:



Surfaces�� EMBED Equation.2  �
�
��� EMBED Equation.2  �
�
���Wood on wood�0.4�0.2��Ice on ice�0.1�0.03��Metal on metal (lubricated)�0.15�0.07��Steel on steel (unlubricated)�0.7�0.6��Rubber on dry concrete�1.0�0.8��Rubber on wet concrete�0.7�0.5��Teflon on Teflon or on steel�0.04�0.04��Ball bearings (lubricated)�<0.01�<0.01��Sinovial joints�0.01�0.01��

Note: Static friction is greater than kinetic, often much greater.

How does the transition from static friction to kinetic friction occur?
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The randomness of the transition from static to kinetic friction is the cause of earthquakes


�


















Car Braking

Example: 

Find the shortest stopping distance of a car traveling at 100 km/h 

(a) on dry concrete and

(b) on wet concrete.
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There are two possibilities: 

Wheels are not slipping (brakes are not locked). In this case the area in which tires contact the road is at rest with respect to the road, and the static friction occurs. The maximum friction force, corresponding to the shortest distance, is � EMBED Equation.2  ���, or � EMBED Equation.2  ���.

� Wheels are slipping (brakes are locked). In this case kinetic friction between the tires and the road takes place, and � EMBED Equation.2  ���

Second Newton’s Law for the x coordinate

�� EMBED Equation.2  ���, where � EMBED Equation.2  ���for non-locked brakes and � EMBED Equation.2  ��� for locked brakes. Thus, mass is canceled! We obtain the acceleration as � EMBED Equation.2  ���. Because � EMBED Equation.2  ��� may be comparable to 1, the acceleration a is comparable to the free-fall acceleration g.



Now, we know the acceleration, and the problem is reduced to the familiar kinematic problem. We use equation

� EMBED Equation.2  ���

where the initial velocity is known, � EMBED Equation.2  ���; the final velocity is zero, � EMBED Equation.2  ���; and we have just found that � EMBED Equation.2  ���(of course, � EMBED Equation.2  ���). 

Now, we solve the equation for x,

� EMBED Equation.2  ���

and substitute a, obtaining the final formula. Note that the stopping distance x is proportional to square of velocity!

� EMBED Equation.2  ���



What is left is to substitute the numerical values. Four cases are possible:

 For non-locked wheels on dry road, we adopt from the table � EMBED Equation.2  ��� and obtain

�� EMBED Equation.2  ���

For locked wheels on dry road, we adopt from the table � EMBED Equation.2  ��� and obtain

�� EMBED Equation.2  ���

For non-locked wheels on wet road, we adopt from the table � EMBED Equation.2  ��� and obtain

�� EMBED Equation.2  ���

 Finally, For locked wheels on wet road, we adopt from the table �� EMBED Equation.2  ��� and obtain

� EMBED Equation.2  ���

Calculated stopping distances (ft) 

for breaking from 60 mph to 0 

�Dry �Wet��Unlocked�130�185��Locked�160�260��

Experimental stopping distances  for Toyota Avalon

Adopted from Consumer Reports, May 1995.

�Dry �Wet��Unlocked (ABS)�129�146��Locking of the wheels as well as poor road conditions increase stopping distance dramatically (by a factor of two (and nothing can be done about it -- drive safely!)




�
� EMBED Package  ���Double-click to activate the demonstration package (requires Interactive Physics II by Knowledge Revolution)
�
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2. Inclines

�Consider all forces acting on a block on an incline: normal force, gravity, and friction. Thus, we draw th
e 
free-body diagram. Important: the orientation of the coordinate axes shown is the most convenient.



































Now, we resolve all vectors into x- and y-components:
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� EMBED Equation.2  ���



We write down Second Newton’s Law for x- and y-directions:

� EMBED Equation.2  ���

From this we immediately find that 

� EMBED Equation.2  ���. 

Friction in this case is kinetic, therefore 

� EMBED Equation.2  ���.

Substituting this value into the x equation, we obtain

�� EMBED Equation.2  ���.



Thus, we obtain the general solution of the problem:

� EMBED Equation.2  ���



Note that 

 Acceleration does not depend on the mass of a body, just like in the free fall. 

 The normal force, which is nothing else as apparent weight, is decreased in proportion to � EMBED Equation.2  ��� (a gradual transition to weightlessness as the slope becomes steeper.


�
� EMBED Package  ��� Double-click to activate the demonstration package. Interactive Physics II  by Knowledge Revolution should be installed.
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3. Problem Solving

Problem 1: A skier began accelerating on a 40-degree slope. Assuming the coefficient of kinetic friction of 0.04.

Find:

(a) her acceleration,

(b) the speed she reaches after 15 s, and 

(c) distance traveled by this time.

Solution:

We can find the answer by substituting the numerical values into the corresponding formula above:

� EMBED Equation.2  ���

We can find the speed in 15 s from the familiar formula of uniformly-accelerated motion

� EMBED Equation.2  ���

Discussion: The acceleration seems to be reasonable but the speed is a way too high. What is the reason for that?



In reality, the friction between skies and snow is not the dominating friction at high speed. The air resistance plays the major role at high speeds, limiting the actual speed by about 120 km/h. 

Conclusion: We may use the above formula only when speed is well below the 100 km/h range, practically, in the 0-20 km/h range. The acceleration that we have obtained is a reasonable approximation for such speeds. Additionally, the speed about 20 km/h=5.6 m/s will be reached after

� EMBED Equation.2  ���

Problem 2:

Find under what conditions a body can stay on an incline without sliding down?

Solution:

We found the forces in the x-direction as

� EMBED Equation.2  ���

The condition of being at rest (in equilibrium) is � EMBED Equation.2  ���. Substituting this into the equation, we get

� EMBED Equation.2  ���

The friction in this case is static, and therefore � EMBED Equation.2  ���.

Substituting � EMBED Equation.2  ���, we obtain the condition

�� EMBED Equation.2  ���

Dividing both sides by � EMBED Equation.2  
�
�
�, a positive quantity, we get the desired condition,

� EMBED Equation.2  ���

The angle at which this condition stops to hold is called the friction angle,

� EMBED Equation.2  ���.

Discussion: For instance, for tires on a wet road, the friction angle is � EMBED Equation.2  ���, or � EMBED Equation.2  ���. This is the angle at which a car will start to slide down, no matter what.













Velocity v




Normal force � EMBED Equation.2  
�
�
�




Gravity force � EMBED Equation.2  
�
�
�




Friction force
 � EMBED Equation.2  
�
�
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Friction force
 � EMBED Equation.2  ���




External force � EMBED Equation.2  ��� 

parallel to surface




Normal force � EMBED Equation.2  ���



Gravity force � EMBED Equation.2  ���
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The transition from static to kinetic friction actually occurs at a random applied force




The force increases gradually, but the contact between tectonic plates gives up
 abruptly






Plate 1




Plate 2






� EMBED Equation.2  ���
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