Catapults

History

The first catapults were invented by the Greeks around 400 BC. These catapults called gastraphetes resembled large crossbows and were used to shoot darts or arrows. By about 330 BC a larger version was developed. Called a ballista and using torsion to propel a dart or arrow, this machine could take out several armored men with one shot. This type of catapult was used by Alexander the Great on his campaigns.

The Romans used the Greek catapult technology and built upon it. They developed the mangonel, also called the onager. The word mangonel means engine of war. The firing of the mangonel resembled the kick of a wild donkey, called an onager, hence the nickname onager for the mangonel. The mangonel was also propelled by torsion. The Romans made it bigger, stronger, and easier to move from place to place.

Other types of catapults were soon developed. The traction trebuchet used a flexible throwing arm to fling stones at the enemy. It was held in place by two or three men while a few more bent the arm back, loaded it, and released it. It was lightweight and very mobile, but could only be used for small projectiles. Over time this traction trebuchet was made larger and placed on a cart with wheels. It was used to in the Middle Ages to defend a castle and to lay siege to one. It could be used to throw flaming balls over castle walls which would explode upon impact setting fire to the people, animals, and structures inside.
The counterweight trebuchet was the most destructive type of catapult. It could be used to launch bigger, heavier projectiles from a safe distance. Its main drawback was that it is not mobile. It was too large to transport, and wheels would hinder its performance. It had to be built on site. It was also too large for castle defense, both because of space limitations and the fact that it would throw a projectile too far – over the heads of the besiegers. Historically it was used to hurl dead horses, corpses, and other things that would smell and spread disease over castle walls to force those holed up inside to surrender.
For several centuries after the invention of gunpowder, the catapult fell into disuse. It has, however, found some modern uses. A very simple catapult used as a children’s toy – the slingshot, was popular for a time. Catapults were also used in early aviation to try to launch some of the first airplanes. Samuel P. Langley used a spring-powered catapult to propel his Aerodrome with enough speed to get it into the air. The Wright brothers used a version of the counterweight trebuchet to generate enough speed to lift an aircraft and propel it until the engines could take over. In World War I and World War II small catapults were used to launch grenades at the enemy. Today catapults are used to launch aircraft from the decks of aircraft carriers and built by engineering students and enthusiasts to launch everything from pumpkins to people.
Who developed the first catapults?

What are the two most common sources of power for a catapult?

How are catapults used today?

Goal
To design, build, and test either a torsion catapult or a counterweight trebuchet. The catapults will be tested for distance and precision.

Specifications
· The catapult should fit completely (fully assembled) in a 2’x2’x2’ box.

· No metal or plastic parts are to be used except for fasteners such as nails, screws, nuts and bolts …

· No elastic materials are to be used.

Websites to check out
 A good page of Links:  http://members.iinet.net.au/~rmine/seemore.html
Torsion sites:  http://www.onager.net/
http://www.algobeautytreb.com/onagerphysic56.pdf
Trebuchet sites:  http://www.ripcord.ws/

http://www.algobeautytreb.com/trebmath35.pdf

http://www.geocities.com/SiliconValley/Park/6461/trebuch.html
Catapult Physics
The physics of the catapult is the physics of rotational motion. The more familiar concepts of linear motion such as position, velocity, and acceleration, have parallel concepts in rotational motion. The following chart compares the linear equations with the rotational equations.

	Linear Equations
	Rotational Equations

	Displacement
	d
	Angular Displacement
	θ

	Velocity
	v = d/t
	Angular Velocity
	ω = θ/t

	Acceleration
	a = v/t
	Angular Acceleration
	α = ω/t

	Motion
	d = vt
	Motion
	θ  = ωt

	
	v = vi + at
	
	ω = ωi + ½ α t

	
	d =  vi t + ½ at2
	
	θ =  ωi t + ½ α t2

	
	v2 =  vi 2 + 2ad
	
	ω2 = ωi2 + 2αθ

	Mass
	m
	Moment of Inertia
	I

	Newton’s 2nd Law
	F = ma
	Newton’s 2nd Law
	τ = I α

	Momentum
	p = mv
	Angular Momentum
	L = I ω

	Work
	W = Fd
	Work
	W = τθ

	Kinetic Energy
	KE = ½ mv2
	Kinetic Energy
	KE = ½ I ω2


Let’s define some of the terms used to describe rotational motion.

Angular Displacement is a rotational distance. It is measured as the number of radians an object has rotated.

Angular Velocity is a rotational speed. It is measured as the number of radians an object has rotated through per unit of time (rad/s).

Angular Acceleration is rotational acceleration. It is measured in rad/s2.

Mass is a measure of linear inertia, or resistance to linear acceleration. Moment of Inertia is a measure of rotational inertia, or resistance to rotational acceleration. The moment of inertia depends upon the distribution of mass. For each point of mass I = mr2, and the total moment of inertia is the sum of the individual I’s for every point of mass in the system. This sounds impossible, but it can be simplified, which we shall discuss later on.

In rotational motion, the force of Newton’s 2nd Law is called torque (τ). Torque is the force that causes rotational motion.  

Angular Momentum is the tendency of an object with rotational motion to remain in rotational motion with the same speed and axis of rotation unless acted upon by a torque.
Next we will take a look at how these concepts apply to the catapult. Whether torsion or trebuchet, all catapults have an arm that rotates about an axis and is used to throw a projectile. The force that sets the arm in motion is torque. It can be generated by the tension in a bundle of ropes or by gravity acting upon a counterweight. This torque causes the arm to accelerate and gain angular velocity and momentum. Some of this angular velocity and momentum is transferred to the projectile, which when it is thrown, becomes linear velocity and momentum with a ballistic trajectory. By considering how the physics applies, a more efficient catapult can be designed.  
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The force (F) that is applied to the arm of the catapult is typically not in the direction of torque. Because of this, some of the force is wasted. The force is broken down into two perpendicular components, the component in the direction of torque and the component of wasted force that is perpendicular to it.
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One of the keys to building an efficient catapult will be minimizing the wasted force.

An Efficient Trebuchet
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Since the force that operates a trebuchet comes from gravity pulling on the counterweight, its direction will always be pointed toward the center of the Earth. Whenever the arm is not perpendicular to gravity there will be wasted force. However, the wasted force can be minimized. On the counterweight arm there is wasted force in the sideways motion of the counterweight. By allowing the counterweight to pivot less of the force is wasted in sideways motion. If the pivoting wheel is increased so that its radius is equal to the length of the counterweight arm, the counterweight will fall straight down and sideways motion will be eliminated. Another place where force can be wasted is where the rope that holds the counterweight is attached to the projectile arm. Keeping the rope perpendicular to the projectile arm will minimize wasted force there.

The moment of Inertia, or resistance to rotational motion, is another important property to look at for an efficient trebuchet. Every point of mass in a rotating object has a moment of inertia which is equal to the mass times the distance from the mass to the pivot squared, I = mr2. The total moment of inertia of the object is the sum of the moments of inertia of each point, I = Σi mi ri2. For the trebuchet, this can be simplified by finding the moments of inertia of the three important parts: the arm, the projectile, and the counterweight. A trebuchet arm of uniform thickness has a particular mass per unit length, m. It has a length, l, and a distance, h, from the axis to the center of gravity. Under such conditions, the following formula for moment of inertia can be used: 

Iarm = ml 2 / 12 + mh2
The projectile and the counterweight are both attached at a point at the ends of the arm and can be treated as point masses. So their moments of inertia can be calculated using these formulas:

Iprojectile = mprojectile lprojectile arm2
Icw = mcw lcw arm2  
The total moment of inertia will be the sum of these three numbers, unless a wheel as described above is used to eliminate the sideways motion of the counterweight. If such a wheel is used, then the moment of inertia of the counterweight will be zero (It won’t be rotating.), but the wheel will be rotating and its moment of inertia will have to be included in the sum. The moment of inertia for the wheel can be calculated using the formula:

Iwheel = mwheel rwheel2 
The moment of inertia for the wheel will be less than the moment of inertia for the counterweight. This will reduce the total moment of inertia and increase the angular acceleration (α) with the same force.

When shot at a 45° angle and ignoring air friction, the range of the projectile can be calculated using its linear velocity when launched. The linear velocity of the projectile at launch is equal to the angular velocity at that point in time X the distance from the axis,  v = rω. The range can then be calculated using the formula range = v2 / g, where g is acceleration due to gravity. So, to achieve the maximum range of your trebuchet, it is important to maximize the angular velocity by minimizing the moment of inertia and the wasted force.

To try your design parameters, there are trebuchet simulators available. One is located at http://heim.ifi.uio.no/~oddharry/blide/vtreb.html. 

An Efficient Torsion Catapult
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The force that powers the torsion catapult comes from the skein of twisted rope. The tension in the rope produces a “couple.” A couple is two forces of the same magnitude, parallel to each other but opposite in direction. The ropes in the skein separated by the arm do just that. They each produce a force pressing toward the center of the arm. These forces are parallel, opposite in direction, and equal in strength. A couple tends to cause rotation just like a torque. As one might expect, under these circumstances, the torque is proportional to the tension in the ropes. It is also proportional to the volume of the ropes.  For those who understand vectors including vector cross-products, the torque can be calculated as the vector cross-product of the force exerted by the ropes (F) X the distance from the axis of rotation to the point of application of the force (r), or τ ≡ r X F. An in-depth look at the torque in a rope skein can be found in the article Onager Physics by Donald Siano at http://www.algobeautytreb.com/onagerphysic56.pdf. In this article several variations of rope bundles are analyzed and some general conclusions are reached including the following: 

· The torque decreases when the distance between the attachment points increases.

· Thicker rope gives better results than thinner rope.

· Torque is proportional to the number of strands of rope.

· Threading the rope through several times then pulling it tight distributes the tension unevenly with the first strands receiving little tension.

There is an online onager simulator available. It requires quite a bit of information about the catapult, but it’s available for free at http://www.ripcord.ws/. 
What are some of the factors your team considered when designing the catapult?

Can you think of any ways to make the catapult more efficient?

What problems did your team encounter when building or testing the catapult?

How were those problems solved?

Testing
The catapults will be tested for distance and precision. Each team will fire their catapult three times for distance and five times for precision. The distance to where the projectile first hits the ground will be measured and recorded for each shot. The longest of the three shots for distance will be used as the maximum distance. The five shots for precision will be evaluated as follows:
Discussion: Accuracy vs. Precision
To most people, the difference between accuracy and precision is unclear. The words are often used interchangeably. To a scientist, however, the words have very different meanings. Accuracy is how close a group of measurements are to a target or an accepted standard. Precision is how close the measurements are to each other. It is possible to be accurate but not precise. It is also possible to be precise but not accurate. For example, let’s consider shots fired at a target. A group of shots which are clustered close together near the edge of the target are precise but not accurate (figure 1). A group of shots that are all near the bull’s-eye but spread around are accurate but not precise (figure 2).
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When tested was your catapult accurate?
Was it precise?

Did the test accurately reflect the concept of precision? Explain your answer.
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