Force Systems

Part IV


- Why is force a vector quantity?


- Other Frequently Asked Questions


- Review of Trigonometry


- Review of Analytic Geometry


- Review of Vector Analysis


- Force Representations 


- Moment of a Force


- Newton’s Laws


- Equilibrium


- Concurrent Force Systems 

a. Resultant of Coplanar Forces

b. Resultant of Non-Coplanar Forces

c. Free-Body Diagram and Equilibrium of a particle

Free-Body Diagram and Equilibrium of a Particle
The principle of equilibrium was discussed previously.  Let’s recall that the equilibrium of a particle is defined by the following equations
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Before we can apply these equations, we must have a good understanding of the forces acting on a particle.  We do this by drawing its free-body diagram and showing all the forces, be it known or unknown.  Since force equilibrium is the only condition that applies in this case, we cannot have more than three unknown non-coplanar forces acting on a particle.

In this section, we will examine the approach that one must take in examining the equilibrium of a particle and the development and use of free-body diagrams. 

Free-Body Diagrams: As was stated earlier, a particle is an object whose physical dimensions have no influence on the analysis of forces acting on it.  Thus, in representing the object as a particle, all the forces must form a concurrent system.  It is also possible to analyze a section of a structure by cutting it away from the rest of the structure.  When we draw a free-body diagram, we must be careful not to omit any existing force, and just as important, not to include a force that does not exist.  

When we are interested in analyzing forces in a particular section of the structure that can be modeled as a particle, we draw the free-body diagram of it by cutting (isolating) it from the rest of the structure. We must be careful with showing the forces in members that have been cut.  These forces typically have unknown magnitudes and some times even unknown directions.


If we know the slope of a force, but not its magnitude and sense.  What we need to do is to make an initial guess on the sense of the force in the free-body diagram, then use the equilibrium equations to solve for its magnitude.  If the magnitude is found to be positive, then the guessed sense is correct.  Otherwise, the correct sense is opposite to that assumed.


If both magnitude and direction of a force are unknown, then we have to show the force in terms of its two rectangular components, usually one horizontal and one vertical.  Similar to the previous case, we make an initial assumption on the sense of each component.  With the help of equilibrium equations we solve for the magnitude of each force component.  If found positive, the assumed sense is correct.


When two bodies are in contact, and we want to draw the free-body diagram of one of them, then we have to account for the contact force or forces.  If the surface of contact is frictionless, then there is only a normal force at the point of contact.  In the presence of friction, then there is also a friction force that is tangential to the surface of contact.  

Example 1: A 200-kg sign is supported by the cable system shown below.  Determine the tension developed in each cable to hold the sign in equilibrium.
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Solution 

Step 1: A close examination of the cable system indicates that the two connection rings can be represented as two particles with the free-body diagrams shown below.
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Each free-body diagram represents a coplanar force system.

Step 2: We continue by analyzing the free-body diagram of the lower ring next.  This is because there are only two unknown forces in this case, and we can solve for them using the two equations of equilibrium. 

Knowing the slope of cable ( is 5/2, we find the hypotenuse of that triangle as 
[image: image2.wmf].  Now, we can easily express the horizontal and vertical components of F3 in terms of the slope and magnitude of F3. 
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     =>  
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With F3 known, the free-body diagram of the upper ring now has only two unknown forces, which are calculated similar to the previous case as follows
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Solving the two equations simultaneously gives
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Step 3, Analysis of Results: The results indicate that the tension in cable 3 is the highest among the four cables.  With cable 4 being horizontal, the tension in cable 3 is 7.7% greater than the weight of the sign. This leads to the following question. What happens to the forces in cables 1, 2, and 3 if we were to eliminate cable 4?  This scenario is examined next.

Design Modification and Analysis: By eliminating cable 4, the lower ring and the sign will move to the left and cable 3 becomes vertical.  This change, however, has no impact on the position of the upper ring, and angles of cables 1 and 2 will stay the same as before.

Solution: The two free-body diagrams are shown below.


Since cable 3 is now vertical, it is easy to conclude that its magnitude, based on the equilibrium of forces in the vertical direction, is equal to the weight of the sign
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Using the Free-body diagram of the upper ring, we obtain
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Solving the two equilibrium equations simultaneously gives
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Therefore, by eliminating cable 4, we reduced the tensions in cables 3 and 1 by 7.2% and 22%, respectively, but increased the tension in cable 2 by 67.6%.

Example 2: In this example we will analyze a three-dimensional or non-coplanar force system.  We want to determine the tension in each cable to hold the 250-lb crate in equilibrium.  Note that points B, C, and D are all in x-y plane.




Solution: We begin the analysis by drawing the free-body diagram of the ring at point A.  The forces acting on the ring include the three cable forces as well as the weight of the crate.


Since the forces are in three dimensions, we use the corresponding direction cosines in formulating the equations of equilibrium in x,y,z directions.  Knowing the coordinates of points A, B, C, and D, we calculate the length of each cable as  
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Having found the length of each cable, we can now write the equilibrium equations in terms of the individual force components.  We have to be careful with the direction of each component.
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We can either use the back substitution to solve for cable force, or simply write the three equations in matrix form and solve them simultaneously as shown below
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