Free Body Diagrams
Site 1 – HyperPhysics
http://hyperphysics.phy-astr.gsu.edu/hbase/torq.html#equi
Torque

A torque is an influence which tends to change the rotational motion of an object. One way to quantify a torque is

Torque = Force applied x lever arm 

The lever arm is defined as the perpendicular distance from the axis of rotation to the line of action of the force. 
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Conditions for Equilibrium

An object at equilibrium has no net influences to cause it to move, either in translation (linear motion) or rotation. The basic conditions for equilibrium are:
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Site 2

http://www.physics.uoguelph.ca/tutorials/fbd/FBD.htm
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· Introduction to Free Body Diagrams.
· Examples.
· Self test.
· Free Body Diagram Diagram (Java)
· Exit to Physics Tutorials.
· Comments-We’d like your feedback.

Site 3 – The Physics Classroom

http://www.physicsclassroom.com/Class/newtlaws/u2l2c.html
Lesson 2: Force and Its Representation
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Drawing Free-Body Diagrams

Free-body diagrams are diagrams used to show the relative magnitude and direction of all forces acting upon an object in a given situation. A free-body diagram is a special example of the vector diagrams discussed in Unit 1; these diagrams will be used throughout your study of physics. 

The size of the arrow in a free-body diagram is reflective of the magnitude of the force. The direction of the arrow reveals the direction in which the force acts. Each force arrow in the diagram is labeled to indicate the type of force. It is customary in a free-body diagram to represent the object by a box and to draw the force arrow from the center of the box outward in the direction in which the force is acting. One example of a free-body diagram is shown above right.

The free-body diagram above depicts four forces acting upon the object. Objects do not always have four forces acting upon them. There will be cases in which the number of forces depicted by a free-body diagram will be one, two, or three. There is no hard and fast rule about the number of forces which must be drawn in a free-body diagram. The only rule for drawing free-body diagrams is to depict all the forces which exist for that object in the given situation. Thus, to construct free-body diagrams, it is extremely important to know the types of forces. If given a description of a physical situation, begin by using your understanding of the force types to identify which forces are present. Then determine the direction in which each force is acting. Finally, draw a box and add arrows for each existing force in the appropriate direction; label each force arrow according to its type. If necessary, refer to the "Net Force Help Sheet" for descriptions of the force types and their symbols.

Consider testing your understanding of forces, Newton's Laws, and free-body diagrams by doing Free-Body Diagrams - an interactive exercise at the Shockwave Physics Studios (requires the Shockwave plug-in). 

Site 4 – HyperPhysics

Force Equilibrium Examples

Most equilibrium problems require the application of torque as well as force for their solution, but the examples below illustrate equilibrium of force.
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Boat in Current

A boat in current is a good example of relative velocity. 
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Calculation
Boat in Current: Resultant Speed and Bearing

	Boat in current as example of relative velocity. Assume the rower heads straight across the river and is carried downstream by the current.
[image: image7.png]Vee = Vew + Ve




Since the velocities form a right triangle, any velocity can be found from the triangle relationships if the other two are known.
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Velocity unit [image: image11.wmf]


If the rowing speed is [image: image12.png]
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and the current speed is [image: image15.png]
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	Alternate calculations:
	Rowing speed
	Speed of current 


Conditions for Equilibrium

An object at equilibrium has no net influences to cause it to move, either in translation (linear motion) or rotation. The basic conditions for equilibrium are:
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Force Equilibrium Examples

Most equilibrium problems require the application of torque as well as force for their solution, but the examples below illustrate equilibrium of force.
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Force Equilibrium Example

Force equilibrium problems like this can be analyzed by drawing a free body diagram of the point of attachment of the mass m, since it must be at equilibrium. The tensions should be resolved into horizontal and vertical components to apply the force equilibrium condition.
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If an object of mass [image: image26.wmf]

kg and weight [image: image27.wmf]

N is suspended from a rope, it will require a force F = [image: image28.wmf]

N to pull the suspended mass out to an angle of [image: image29.wmf]

degrees with the vertical. This will result in a tension of T =[image: image30.wmf]

 N in the rope, compared to a tension equal to the weight of the mass when it is hanging vertically. 

Free-Body Diagram 

A free-body diagram is a sketch of an object of interest with all the surrounding objects stripped away and all of the forces acting on the body shown. The drawing of a free-body diagram is an important step in the solving of mechanics problems since it helps to visualize all the forces acting on a single object. The net external force acting on the object must be obtained in order to apply Newton's Second Law to the motion of the object.
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	A free-body diagram or isolated-body diagram is useful in problems involving equilibrium of forces.

Free-body diagrams are useful for setting up standard mechanics problems. 


Fundamental Forces
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The Strong Force
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A force which can hold a nucleus together against the enormous forces of repulsion of the protons is strong indeed. However, it is not an inverse square force like the electromagnetic force and it has a very short range. Yukawa modeled the strong force as an exchange force in which the exchange particles are pions and other heavier particles. The range of a particle exchange force is limited by the uncertainty principle. It is the strongest of the four fundamental forces
Since the protons and neutrons which make up the nucleus are themselves considered to be made up of quarks, and the quarks are considered to be held together by the color force, the strong force between nucleons may be considered to be a residual color force. In the standard model, therefore, the basic exchange particle is the gluon which mediates the forces between quarks. Since the individual gluons and quarks are contained within the proton or neutron, the masses attributed to them cannot be used in the range relationship to predict the range of the force. When something is viewed as emerging from a proton or neutron, then it must be at least a quark-antiquark pair, so it is then plausible that the pion as the lightest meson should serve as a predictor of the maximum range of the strong force between nucleons. 

	Feynman diagrams and the strong force


The Electromagnetic Force
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One of the four fundamental forces, the electromagnetic force manifests itself through the forces between charges (Coulomb's Law) and the magnetic force, both of which are summarized in the Lorentz force law. Fundamentally, both magnetic and electric forces are manifestations of an exchange force involving the exchange of photons . The quantum approach to the electromagnetic force is called quantum electrodynamics or QED. The electromagnetic force is a force of infinite range which obeys the inverse square law, and is of the same form as the gravity force. 
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The electromagnetic force holds atoms and molecules together. In fact, the forces of electric attraction and repulsion of electric charges are so dominant over the other three fundamental forces that they can be considered to be negligible as determiners of atomic and molecular structure. Even magnetic effects are usually apparent only at high resolutions, and as small corrections. 

The Weak Force
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One of the four fundamental forces, the weak interaction involves the exchange of the intermediate vector bosons, the W and the Z. Since the mass of these particles is on the order of 80 GeV, the uncertainty principle dictates a range of about 10-18 meters which is about 0.1% of the diameter of a proton. 

The weak interaction changes one flavor of quark into another. It is crucial to the structure of the universe in that

1. The sun would not burn without it since the weak interaction causes the transmutation p -> n so that deuterium can form and deuterium fusion can take place.

2. It is necessary for the buildup of heavy nuclei. 

The role of the weak force in the transmutation of quarks makes it the interaction involved in many decays of nuclear particles which require a change of a quark from one flavor to another. It was in radioactive decay such as beta decay that the existence of the weak interaction was first revealed. The weak interaction is the only process in which a quark can change to another quark, or a lepton to another lepton - the so-called "flavor changes". 

The discovery of the W and Z particles in 1983 was hailed as a confirmation of the theories which connect the weak force to the electromagnetic force in electroweak unification. 

The weak interaction acts between both quarks and leptons, whereas the strong force does not act between leptons. "Leptons have no color, so they do not participate in the strong interactions; neutrinos have no charge, so they experience no electromagnetic forces; but allof them join in the weak interactions."(Griffiths)

Free body diagram
In assessing the interaction of forces on bodies. An extremely useful tool is a free body diagram. This is essentially a sketch a body which is in equilibrium and is entirely separate from the surroundings. The only rule for drawing free-body diagrams is to depict all the forces which exist for that object in the given situation. Below is shown a typical 2- dimensional free body diagram of a cantilever beam 
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The free body diagram includes external forces applied to the body and external reaction forces resulting from the method of supporting the body. Some reactions are shown in the 2-dimensional figure below. 
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Centripetal Force

Any motion in a curved path represents accelerated motion, and requires a force directed toward the center of curvature of the path. This force is called the centripetal force which means "center seeking" force. The force has the magnitude
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	The centripetal acceleration can be derived for the case of circular motion since the curved path at any point can be extended to a circle. 

Note that the centripetal force is proportional to the square of the velocity, implying that a doubling of speed will require four times the centripetal force to keep the motion in a circle. If the centripetal force must be provided by friction alone on a curve, an increase in speed could lead to an unexpected skid if friction is insufficient. 

Calculation


Centripetal Force Calculation

Centripetal force = mass x velocity^2 / radius
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Note that the conditions here assume no additional forces, like a horizontal circle on a frictionless surface. For a vertical circle, the speed and tension must vary.[image: image48.png]
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	Any of the data values may be changed. When finished with data entry, click on the quantity you wish to calculate in the formula above. Unit conversions will be carried out as you enter data, but values will not be forced to be consistent until you click on the desired quantity. 

Calculation for:
Radius r = [image: image49.wmf]

m = [image: image50.wmf]

ft
Mass = m=[image: image51.wmf]

kg = [image: image52.wmf]

slugs
Weight = W=[image: image53.wmf]

N = [image: image54.wmf]

lbs
Velocity = v=[image: image55.wmf]

m/s = [image: image56.wmf]

ft/s 
or in common highway speed units, 
velocity = [image: image57.wmf]

km/h = [image: image58.wmf]

mi/h


Centripetal force= F=[image: image59.wmf]

N = [image: image60.wmf]

lbs 

Discussion of concept


Centripetal Acceleration

The centripetal acceleration expression is obtained from analysis of constant speed circular motion by the use of similar triangles. From the ratio of the sides of the triangles:
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For a velocity of [image: image63.wmf]

m/s and radius [image: image64.wmf]

m, the centripetal acceleration is [image: image65.wmf]

m/s².
Note that if the velocity is doubled to [image: image66.wmf]

m/s at the same radius, the acceleration is quadrupled to [image: image67.wmf]

m/s. 

Airplane in Wind

The cross-country navigation of an aircraft involves the vector addition of relative velocities since the resultant ground speed is the vector sum of the airspeed and the wind velocity. Using the air as the intermediate reference frame, ground speed can be expressed as: 
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The velocity of the plane with respect to the ground is equal to the velocity of the plane with respect to the air plus the velocity of the air with respect to the ground. 
	[image: image69.png]





Calculation
Airplane in Wind: Calculation of Ground Velocity
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This calculation is a straighforward vector addition of the airplane's airspeed and the wind velocity. 
	Navigation directions are usually expressed in terms of compass angles as illustrated.
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Velocity unit [image: image73.wmf]
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the resultant ground velocity is [image: image82.png]
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Note: The wind direction in this calculation is the direction of air motion, not the direction from which the wind is coming. So if you call a wind from the north a "north wind", then the air motion direction is south and you would enter 180° for the wind angle.

Details about calculation
	Alternate calculations:
	Wind velocity
	Desired heading and resultant


Discussion of Airplane in Wind
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	Navigation directions are usually expressed in terms of compass angles as illustrated. The vector addition necessary to calculate resultant velocity is carried out by calculating the components of each vector. [image: image87.png]





There are some practical problems associated with this calculation: you can either convert compass angles to standard angles, or do the calculation in compass angles with the relationships shown. If you calculate the standard angle for the final bearing, it can then be converted to compass angle. A final problem is the arctan problem with calculators and computer languages: you have to check the quadrant to be sure you get the correct angle. 

Calculation
Relative Velocity

One must take into account relative velocities to describe the motion of an airplane in the wind or a boat in a current. Assessing velocities involves vector addition and a useful approach to such relative velocity problems is to think of one reference frame as an "intermediate" reference frame in the form:
[image: image88.png]Vac =Vap + Voc




Put into words, the velocity of A with respect to C is equal to the velocity of A with respect to B plus the velocity of B with respect to C. Reference frame B is the intermediate reference frame. This approach can be used with the airplane or boat examples. 
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	Freefall 

In the absence of frictional drag, an object near the surface of the earth will fall with the constant acceleration of gravity g. Position and speed at any time can be calculated from the motion equations. 

Illustrated here is the situation where an object is released from rest. It's position and speed can be predicted for any time after that. Since all the quantities are directed downward, that direction is chosen as the positive direction in this case. 
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At time [image: image92.wmf]

s after being dropped, 
the speed is [image: image93.wmf]

m/s = [image: image94.wmf]

ft/s , 

The distance from the starting point will be 
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m= [image: image96.wmf]

ft
Enter data in any box and click outside the box. 


	Peak at [image: image97.wmf]

m at
t= [image: image98.wmf]

s [image: image99.png]



	Vertical Trajectory 

Vertical motion under the influence of gravity can be described by the basic motion equations. Given the constant acceleration of gravity g, the position and speed at any time can be calculated from the motion equations: [image: image100.png]i 2
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You may enter values for launch velocity and time in the boxes below and click outside the box to perform the calculation.

For launch speed [image: image101.wmf]

m/s =[image: image102.wmf]

ft/s 
and time [image: image103.wmf]

s , 

The values below are output values; those boxes will not accept input for calculation. The velocity will be [image: image104.wmf]

m/s = [image: image105.wmf]

ft/s 
and the height will be [image: image106.wmf]

m = [image: image107.wmf]
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Horizontal Launch
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	[image: image109.png]


All the parameters of a horizontal launch can be calculated with the motion equations, assuming a downward acceleration of gravity of 9.8 m/s^2.

Time of flight t=
[image: image110.wmf]

s
Vertical impact velocity =
[image: image111.wmf]

m/s
Launch velocity =
[image: image112.wmf]

m/s
Height of launch h =
[image: image113.wmf]

m
Horizontal range R =
[image: image114.wmf]

m

Calculation is initiated by clicking on the formula in the illustration for the quantity you wish to calculate.


Bottom of Form

	General Ballistic Trajectory

The motion of an object under the influence of gravity is determined completely by the acceleration of gravity, its launch speed, and launch angle provided air friction is negligible. The horizontal and vertical motions may be separated and described by the general motion equations for constant acceleration. The initial vector components of the velocity are used in the equations. The diagram shows trajectories with the same launch speed but different launch angles. Note that the 60 and 30 degree trajectories have the same range, as do any pair of launches at complementary angles. The launch at 45 degrees gives the maximum range. [image: image115.png]
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For launch velocity = [image: image117.wmf]

m/s, launch angle = [image: image118.wmf]

degrees:

At time = [image: image119.wmf]

sec:
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Horizontal velocity =[image: image121.wmf]

m/s. [image: image122.png]X = Vgt
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Vertical velocity =[image: image125.wmf]
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Vertical position =[image: image127.wmf]
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	For launch velocity = [image: image132.wmf]

m/s, launch angle = [image: image133.wmf]

degrees,
The horizontal range is
[image: image134.wmf]

m.
The total time of flight is
[image: image135.wmf]

s.
The peak height is
[image: image136.wmf]

m. 




Will it clear the fence?

The basic motion equations can be solved simultaneously to express y in terms of x. 
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	For launch velocity = [image: image138.wmf]

m/s = [image: image139.wmf]

ft/s, launch angle = [image: image140.wmf]

degrees,
and horizontal range x = [image: image141.wmf]

m = [image: image142.wmf]

ft,


the calculated height is
y = [image: image143.wmf]

m = [image: image144.wmf]

ft.
The time of flight is t =
[image: image145.wmf]
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Where will it land?

The basic motion equations give the position components x and y in terms of the time. Solving for the horizontal distance in terms of the height y is useful for calculating ranges in situations where the launch point is not at the same level as the landing point. 
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Launch Velocity

The launch velocity of a projectile can be calculated from the range if the angle of launch is known. It can also be calculated if the maximum height and range are known, because the angle can be determined. 
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	From the range relationship, the launch velocity can be calculated. [image: image148.png]


For range R = 
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ft,
and launch angle = 
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the launch velocity is = 
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	Launch Velocity

The launch velocity of a projectile can be calculated from the range if the angle of launch is known. It can also be calculated if the maximum height and range are known, because the angle can be determined. 
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[image: image154.png]i+ Given e
[ Rando
(MRandn T






[image: image155.png]From the range and peak
relationships: v2
R= lqs;n_zem h= %
the angle of launch can be
determined, leading fo:
=A/-PL @
Vo= A/ sin2e



[image: image156.png]


For range R = 
[image: image157.wmf]
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ft,
and peak height h = 
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ft,

the launch velocity is = 
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The required launch angle is
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	Angle of Launch

Variation of the launch angle of a projectile will change the range. If the launch velocity is known, the required angle of launch for a desired range can be calculated from the motion equations. 

Top of Form
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From the range relationship, the angle of launch can be determined. [image: image165.png]


For range R = 
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ft,
and launch velocity = 
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there are two solutions for the launch angle.

Angle 1 =
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degrees,

Angle 2 =
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