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Abstract 

 

This project is a collection of smaller projects that are brought together under the 

unifying theme of using the scientific method to further understand observed phenomena. These 

phenomena include catapults with an emphasis on projectile motion and the range equation, 

understanding the physics of corking a bat and if it has any effect, and further understanding 

resonance by constructing a solid state Tesla coil. 
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Overall Introduction 

 Any scientific inquiry has begun with an initial curiosity to find the truth of a certain 

phenomena. Whether it was Newton and his inkling of constant gravity or Einstein with his 

theory of general relativity, it began with that initial interest. This Major Qualifying Project was 

inspired by this curiosity. Each member of the group, however motivated, was stirred by a 

certain physical concept and wanted to research it further. The project is entitled ñCatapults, 

Corked Bats, and Tesla Coils: Finding the Truthò as this encompasses all concepts that each 

member wanted to research further and find the truth much like popular television program 

Mythbusters. In this show, they begin with a question and use the scientific method to either 

prove or disprove their question.  In the following sections, we will use a similar method and 

ñfind the truthò to our own questions about catapults, corked bats, and tesla coils. 

Introduction ï Catapult Projectile Motion 

Equipment Background 

 

 Catapults are a piece of medieval engineering that demonstrate and work by using basic 

principles of physics. A catapult is a large category of ñmilitary machines for hurling missiles, 

such as large stones or spears, used in ancient and medieval times.ò (Catapult Definition) 

  Two machines that fall under this category and that are particularly common are the 

torsion catapult and the trebuchet. The Torsion catapult uses a torsion spring or uses torsional 

pressure, generally from twisted rope, to store energy for the shot. That energy is then used to 

hurl the projectile at its target. ñThe Greek engineers who introduced science into the design of 

torsion catapults based the catapultôs proportions on the diameter of the torsion spring; they gave 

a formula for the size of the torsion spring required, 



2 

 

D = 130m
1/3
.ò  (Cotterel and Kamminga) 

 
Figure 1: Example of medieval torsion catapult  (Catapult Picture) 

 

   The trebuchet is a catapult that uses the force of gravity to launch a projectile. The 

trebuchet has a counterweight that is tied in a fixed position. Then when the projectile is ready 

for launch, the tie is severed and the counterweight is forced to fall to the ground by gravity. This 

causes the projectile to be launched. It is a redirection of force, just as the torsion catapult is. 
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Figure 2: Example of medieval trebuchet (Trebuchet Picture) 

 

  One major difference between the two engines is the fact that the trebuchet is a much 

more powerful machine. It is much more accurate with its launches and travels a much further 

difference. This is based on the fact the trebuchet uses a sling to hold the projectile. This sling 

provides a longer arc without having a taller apparatus, as it tucked underneath.   

 

Educational Background 

It is a proven fact that students of all ages learn and understand educational material in 

different ways. (Cox, McGill and Spremulli) There are many different categories of learning that 
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students can be divided into but the three most common are auditory learners, visual learners, 

and tactile/kinesthetic learners. So when in the education field, it is best to have variety in oneôs 

teaching style in order to ensure that everyone in the classroom gets the most out of that 

particular subject. For example, in a lecture setting, students that are tactile learners may not 

fully understand the subject matter until it is put to use.  

In high schools differentiated teaching is something that is used but it may not be fully 

used to its potential. One case of this being the representation of the catapult or trebuchet lab that 

is used to show students the mechanics of trebuchets or catapults. Students all over the country 

build catapults and trebuchets every year for one of their requirements, but the question is are 

they extracting all possible knowledge from this lab. I think not. 

I believe that using the build of the catapult or trebuchets to not only show the mechanics 

behind the apparatuses, but to show key concepts such as projectile motion, and air resistance 

would be more beneficial to students. Doing this would integrate more key concepts of the high 

school curriculum and would use all types of learning styles in the classroom, hence being more 

beneficial. Before the effectiveness of a lab such as this can be tested, the actual lab needs to be 

designed and tested. This is the task at hand; first studying the projectile motion and air 

resistance coming from both a catapult and trebuchet, and then decided whether such a lab can 

be implemented in a high school setting based on error analysis and equipment.  

Project Introduction 

 

In this project, we will combine our knowledge of the mechanics of the torsion catapult 

and the trebuchet along with the mechanics of projectile motion to study the projectile motion 

and air resistance coming from both a catapult and trebuchet, and then decided whether such a 
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lab can be implemented in a high school setting based on the error analysis and analysis from 

equipment. This is a necessary project in order to make sure that such a lab can easily be done in 

a high school setting while straightforwardly showing basic principles of the catapult and 

trebuchet combination and the projectile motion of both.  We will do this by choosing equipment 

that can easily be handled and found in a high school setting, and then use this equipment to 

analyze  not only the catapult and trebuchet themselves to understand their functioning 

principles, but then investigate the projectile motion coming from both. If we can easily see then 

quantities we should be seeing (a simple projectile arc, acceleration due to gravity, air resistance, 

etc) only aided by uncomplicated graphs, then this lab can be implemented in a high school 

setting.  

This total MQP was trying to encompass the spirit of physics: finding the truth. My 

motivation for choosing this project was to better prepare me for lab design in my future career 

as a high school teacher. In high schools, students are not trying to derive new principles or make 

huge discoveries; they are trying to learn the fundamentals of physics so that they can expand 

upon them in their (hopefully) future careers as scientists. This is ñfinding the truthò at its most 

basic form, where they are finding fundamental truths, in order to build up a trust with the 

subject of physics in their everyday lives. This is where my career will focus; helping others find 

their own truths in scientific settings.  

Theoretical Projectile Motion 

 

  ñAny object that is given an initial velocity and which subsequently follows a a path 

determined by the gravitational force acting on it and by the frictional resistance of the 

atmosphere is called a projectile.ò (Sears) The purpose of both the catapult and trebuchet is to 

launch a projectile a certain distance away. In physics we study the motion of the projectile with 
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equations that can yield the range, height, and velocity of the projectile. These are important 

quantities for reaching a certain distance, as was the objective of the catapult and trebuchet.  

 In a vacuum, meaning space containing no air or other obstacles, the motion of projectiles 

can be described with a few basic equations. The distance equation, 

Y = VOyt + (1/2) at
2
, 

can be used to determine the height or range of the projectile at any given position. The height is 

in the y direction and range in the x direction generally in coordinate systems. In this equation, Y 

is either the height or range, VO is the initial velocity in the x or y direction, t is the time, and a is 

the acceleration in the x or y direction. Keeping x and y quantities is very important, because in a 

vacuum the two directions do not affect one another.  

Theoretically, the acceleration on the projectile is zero, meaning the velocity is the 

constant throughout its trajectory. The distance equation in the x direction becomes, 

X = VOxt, 

and this can be used to find the position in the x direction throughout the flight. The only 

obstacle in projectileôs way in the y direction is acceleration due to gravity. Gravity is a constant 

9.8 m/s
2
, and the force due to gravity is what gives the projectile its parabolic path that will be 

seen later.  

 Taking the derivative with respect to time of the distance equation will yield a equation 

for velocity. The derivative of position with respect to time yields velocity, just as taking one 

more derivative will yield acceleration. For example, the distance equation in the y direction is 

Y = VOyt + (1/2) at
2
. 
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Taking the derivative of this with respect to t gives, 

Vy = VO + at. 

This equation will give the velocity in the y direction at any point during the trajectory. Taking 

yet another derivative produces  

Ay = a, 

which is known as a constant of 9.8 m/s
2
. (Young and Freeman) 

 This simple form of life is what if taught to high school classes across American, but 

another constant is that life is not so simple. In real systems, there are forces that affect the 

motion of a projectile, the main force being air resistance. ñThe most obvious fact about air 

resistanceéis that it depends on the speed, v, of the object concerned. In additionéthe direction 

of the force due to the motion through the air is opposite to the velocity, v.ò (Taylor 43) This 

means that air resistance is a dissipative force, causing the range and height of the projectile to be 

less than what it would have been in a vacuum. The figure below is representation of air 

resistance as a dissipative force. As shown, the projectile travels longer and higher without air 

resistance than with air resistance.  
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Figure 3: Projectile motion of marble and marble with added air resistance. The pink line 

is the graph with the added resistance as compared to the blue line, the regular ball. 

 

Quantitatively, air resistance as a function of velocity can be described as 

F(v) = Flin + Fquad.  

Flin is the linear term of drag and it ñarises from the viscous drag of the medium,ò (Taylor 44) or  

Flin = ɓDv.  

Here, ɓ is a constant of the air being 1.6*10
6
 N*s/m

2
, D is the diameter of the projectile, and v is 

velocity.  Fquad is the quadratic drag term arising ñfrom the projectile having to accelerate the 

mass of air with which it is continually colliding.ò (Taylor 44) This term is 

Fquad = ɔD
2
v

2
, 

Where ɔ is another constant of air being 0.25 N*s
2
/m

4
, D is diameter of the projectile, and v is 

velocity. (Taylor 45)  
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 Simply by the terms of linear and quadratic drag, one can see the high dependence on 

velocity. Logically, as velocity increases so does the force of air resistance. Also large objects 

traveling at the same velocity of a small object will have a high air resistance force. 

 Often though, one of the two air resistance forces, linear and quadratic, can be neglected 

depending on the size. For example, for very small objects, (i.e. liquid drop) the dominant force 

is linear and quadratic air resistance can be ignored. However, for larger objects (i.e balls, cars, 

planes) quadratic air resistance is the dominant force and linear air drag can be ignored. For the 

purpose of studying the projectile motion from catapults and trebuchets, we will look at the 

quadratic air resistance associated with the various balls, as quadratic air resistance is the 

dominant force. 

 Compared to the equation of motion for a projectile in a vacuum, the equation of motion 

for projectiles in real systems are quite complicated.  

Max = - ɔD
2
*sqrt( vx

2
 + vy

2
vx) 

May = -Mg - ɔD
2
*sqrt( vx

2
 + vy

2
vy) (Taylor 62) 

Here, where M is the mass of the object, vx is the velocity in the x direction, and vy is the 

velocity in the y direction, the accelerations in the x and y directions depend on quantities in both 

directions. Before, in a vacuum, the individual accelerations depended only on quantities in their 

own directions. These two equations are even more difficult because ñneither equation is the 

same as for an object that moves only in the x direction or only in the y directionéit turns out 

that the two equations cannot be solved analytically at alléThis means that we cannot find the 

general solution.ò (Taylor 62) These equations can only be solved for specific initial conditions. 
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We will use these equations to compare the experimentally derived accelerations in the x and y 

direction of various projectiles, with the theoretical accelerations from these two equations.  

 With this form of comparison there will be considerable propagation of error. We are 

experimentally deriving the accelerations through analysis of position. It is known that velocity 

is the derivative of position and time, and acceleration is the derivative of velocity and time. So 

by knowing the change in position and the change in time, we are able to find acceleration by 

taking a double derivative. However, this process exemplifies the original error in position, 

which will be shown in later calculation.  

Experimental Procedures ï Catapult Projectile Motion 

 

Materials and Equipment 

 

 In order to study projectile motion from catapults and trebuchets, several experiments 

need to be conducted. But before any experiment is conducted two main apparatuses need to be 

build, a catapult and trebuchet. Building a small scale catapult and trebuchet that can throw the 

projectile ten to twenty feet is best in order to take precise measurements of its projectile arc.  To 

do this, we built a small table top trebuchet and catapult found as a kit though thinkgeek.com. 

We decided to follow the miniature designs of thinkgeek.com because young students across 

America have access to these kits and would probably use them if asked to build a small catapult 

or trebuchet in their class rooms. Also they are simple designs of a catapult and trebuchet that are 

easily understood and would be guaranteed to work under experimentation. This is pivotal 

because it is not the design of the catapult and trebuchet that is of interest but the projectile 

motion from the equipment.  
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Figure 4: Actual build trebuchet used for experimentation 

 

 The trebuchet shown in the figure is the actual trebuchet used for the experimentation 

process. The actual instructions for the build of the trebuchet are not important as any simple 

design would do but a list of supplies are as follows: sling fabric, sling cord, slip rings, hurling 

stones, small pins, trigger pin, axel spacers, counterweight box, seventy-eight pennies, firing 

trough, hurling arm, side frames, uprights, brace, axle, cross frame, and drilled cross frame. All 

wood was pre-cut within the trebuchet kit, and was assembled using wood glue and braces. 

Instructions from thinkgeek.com were followed meticulously.  
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Figure 5: Actual catapult used in experimentation 

 

 The catapult shown in the figure is the actual catapult used in the experimentation 

process. The actual instructions for the build of the catapult is not necessary as any simple design 

would be sufficient for the project, but a list of supplies are as follows: hurling stones, trigger 

pin, torsioning pins, spoon, paper clip, skein cord, hurling arm, side frame, upright, brace, crash 

bar, and cross frame. All wood was pre-cut within the catapult kit, and was assembled using 

wood glue and braces. Instructions from thinkgeek.com were followed, again, meticulously.  

 These two apparatuses are used in two sets of experiments. The first set examines how 

the catapult throws the projectile. It is known that a torsion catapult uses the built up force within 

the twisted ropes to fire the projectile; what is interesting about a torsion catapult is how to 

increase the force contained within the ropes. In order to study this several more pieces of 

equipment are needed. These pieces include: the catapult built above, a protractor, and a 

computer program to measure the force exerted from the lever arm of the catapult. The best 
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program to use for this is Logger Pro 3.6.1. It is a common program that is used many high 

schools or equivalent programs are used. This program uses a force monitor that relays the force 

measurements so it can be easily watched, measured, and timed.  

 
Figure 6: Photograph of actual force monitor used in experimentation 

 

The force monitor needed to be connected in some way to the catapultôs lever arm in order to 

measure the force from torsion to the lever arm. The figure above shows the force monitor used 

in the experiment. The force monitor is attached to a string which can sense the force exerted on 

the lever arm, these forces are measured by Logger Pro.  

What is difficult is positioning the force monitor in such a way that it accurately 

measures the force exerted on the lever arm. After several trials is was determined that the most 

accurate measurements of force came from using a string made of material that is unable to 

stretch and to set up the force monitor-string system in such a way that the force from the level 

arm is redirected to the force monitor.  
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Figure 7: Shown is the force monitor-string system used for experiment. A system of 

pulleys was used to redirect the force from the lever arm to the force monitor. 

 

After an attempt to tie the force monitor directly to the catapultôs lever arm, it was 

determined that a system of pulleys was needed to redirect the force to the force monitor. In this 

ill -fated attempt, we attached a cotton string to both the force monitor and the lever arm of the 

catapult. There were no other apparatuses in this attempt. It was simply the force monitor and 

catapult stabilized to the counter, with a string attached between them. To change the angle of 

the catapultôs lever arm, we untied the string and retired to change the tension and therefore the 

angle. We did this with the knowledge the tension in the string needed to hold the lever arm at a 

certain angle would be a measure the force exerted from the catapult at that particular angle. 

However there are two problems with this. The first problem being the cotton string itself. This 

particular string stretches under tension so it would not be able to give reproducible results. The 

second problem was the set up of the force monitor. The untying and retying system added too 
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much possible error into the system. A system needed to be designed where the results could be 

reproducible and the actual system mechanics stayed constant. A system of pulleys that redirect 

the force to the force monitor using nonmalleable string was determined to yield the best results. 

With this system the lever arm can easily be moved by shifting one pulley up and down a pole. It 

is able to be moved because the string length is constant between the catapult and the force 

monitor, so as one of the pulleys is moved up and down the first pole, the tension in the string 

causes the lever arm to change its angle to the crash bar. As the tension in the string is changed 

due to the changing position of the pulley, this is registered in the vertical force monitor, and we 

are able to see how the force is changed due to the changing angle of the lever arm. It is 

important that string attached to the force monitor is constantly vertical to the monitor because 

this would change the accuracy of the force measurement if the string was even somewhat at an 

angle to the force monitor.  

 The second set of experiments encompasses the actual study of projectile motion. These 

experiments record the projectile motion of the catapult, trebuchet, and a thrown ball in various 

ways with various balls. The equipment needed for this series of experiments is: a catapult, a 

trebuchet, a still shot 35mm camera, a strobe light, a digital video camera, and various balls used 

as projectiles. It is important that the 35mm camera has a shutter that is able to be held open, 

because this will be used with the strobe light to capture the motion of the projectile. As the 

shutter is held open, every time the strobe light pulses and image of the projectile is captured on 

film. So in one picture, one can see the entire arc of the projectile. Another way to do this is to 

use a digital video camera to capture the projectile arc. But, the projectile is traveling so fast that 

a camera functioning at regular film speed may not pick up the projectile in regular time. It is 

useful to have a ñslow motionò option on the camera to fully appreciate the arc of the projectile. 
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Procedures and Preliminary Data 

Force-Angle Measurements 
 

Using the equipment stated in the above section, the data can now be collected following 

a specific procedure. First we set up the force monitor and catapult, just as it is shown in Figure 

7. The catapult needs to be positioned higher than the actual pulley system to ensure that the 

lever arm can form a 90º angle the crash bar. Being able to draw the lever arm down to this angle 

will ensure a full picture of how or if the force changes as the angle of the lever arm to the crash 

bar increases. The lever arm is pulled down by shifting one pulley up and down a pole. It is able 

to be moved because the string length is constant between the catapult and the force monitor, so 

as one of the pulleys is moved up and down the first pole, the tension in the string causes the 

lever arm to change its angle with respect to the crash bar. Using the computer program Logger 

3.6.1, we read the force measurements from the force monitor as we increase the angle.  

 
Figure 8: Screen shot of the Logger Pro 3.6.1 program measuring the force from the 

catapult, where the lever arm is positioned at a particular angle. 
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 As we change the angle of the catapultôs arm using the pulley, we carefully measure said 

angle using a protractor with respect to the crash bar and record it. Then using the Logger Pro 

program, we record the force for five seconds, and using the statistics application already in 

Logger Pro, we record the mean and standard deviation of the forces collected within those five 

seconds. The figure above is a screen shot of the Logger Pro program. The left hand corner 

shows the force at any particular second. The graph and data table next to it shows how the force 

changes over time. Since we are really measuring the tension in the string attached to the 

catapult, the force is not constant, but mean is a good approximation of the force needed to keep 

the lever arm at that specific angle and the standard deviation is the error in the measurements.  

Angle 

(degrees) 

Angle Error 

(degrees) 

 Average Force 

(N) 

St. Dev. 

(N) 

10 2 0.04467 0.005574 

17 2 0.1105 0.0061983 

21 2 0.1487 0.0069774 

26 2 0.201 0.0068817 

32 2 0.2596 0.0059898 

39 2 0.3201 0.0058101 

46 2 0.4105 0.0066403 

52 2 0.5472 0.0060422 

60 2 0.8765 0.0061027 

67 2 1.562 0.006267 

72 2 2.238 0.0075393 

Table 1: Table of the force-angle measurement of the catapult. Included is the angle, error 

in the angle measurement, the average force, and the error in the force measurement. 
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The table above shows the data collected in the force-angle experiment for the catapult. 

Shown is the angle measured in degrees, the error in the angle, the average force measured in 

Newtons while the catapultôs lever arm was positioned at the corresponding angle, and the 

standard deviation or error associated with that force.  

Projectile Range Measurements 
 

There are two different methods to capture the motion of a projectile, still shot photos and 

digital videos. The still shot photos are an older method of data taking but still very affective. 

What is needed here is the 35mm camera where the shutter is able to be held open. Specifically 

we used a Canon 35mm camera, setting the shutter to ñBò, which means that the shutter is held 

open as long as the shutter trigger is pressed down. The important thing about this process is not 

necessarily the make of the camera, but the speed of the film. The film needs to be able to 

capture the projectile as it passes through the air. Meaning the film speed needs to be faster than 

or as fast as the projectile. 

Using this camera with the appropriate film, we theoretically set up the experiment in the 

following way. The camera needs to be completely horizontal or at a 90º angle to a blackened 

background or a background from which the projectile can be clearly established. We use a 

blackened background because we have covered the small projectile with a metallic covering, so 

that it can clearly be seen against the black background. After setting up the camera to a 90º 

angle to the back drop, we turn on the strobe light to an appropriate speed and turn off all other 

lights in the experimentation room. There is a setting on the strobe light, so that it can be set to 

whatever speed is needed or wanted. The faster the speed the more ñdotsò will appear along the 

projectile path in the actual photograph. After all the equipment is set up, one simply pitches the 

projectile, while another holds the camera shutter down for the entire motion of the arc and then 
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releases. When the picture is developed, what is seen is a projectile arc, where there are bright 

dots where the camera captured the projectile. Below is an example of strobe light photography. 

 
Figure 9: This is an example of strobe light photography. Here a girl drops a ball, while the 

photographer holds the camera shutter open to capture the ball during the course of the 

drop. Every time the strobe shines the light, the image of the ball is captured. 

 

 Originally we wanted to use this kind of photography to capture the motion of a 

projectile coming from our catapult and trebuchet.  However, after manually trying different film 

speeds like 400, 800, and 1600 film, we were not able to pick up the small projectile coming 

from the catapult and trebuchet. We could have tried a film speed of 3200, but to develop that 

kind of film would have logistically been too expensive and taken too long for the 

experimentation process. Adding on to the problem of film speed, we thought a compounding 

reason the ball was not being observed by the camera was because the projectile was too small in 

comparison. To distinguish whether film speed and size of the ball were the actual problems, we 

decided to conduct another experiment with projectile motion. A projectile is anything given an 
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initial velocity, so we opt to look at the projectile motion of a tossed ball. In comparison, we 

chose a ball that is some five times bigger than the initial projectile. This new ball has diameter 

of 95.25 mm, where the original ball had a diameter of 17.8mm. They were also made of 

different materials, the original ball being made of wood, and the new, bigger ball being made of 

foam. But they were both covered in the same metallic tape, so that the strobe was able to 

distinguish them from the blackened background. Tossing the foam ball at a reduced speed, we 

conducted the experiment again. The difference this time, when developed, we could see the 

projectile motion of the tossed ball in the still photograph.  

 
Figure 10: Actual developed photo of the tossed balls projectile motion. Every position of 

the ball corresponds to when the strobe light shining light on the ball.  

 

When the picture is developed, we can inspect the projectile motion by quantitative 

analysis. We pick the first point to be our initial position, and then measure the horizontal and 

vertical position of every point every that in comparison to that initial position with a ruler in 
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inches. We also need the time of each position, and we find this from knowledge of our strobe 

light.  The timing of each burst of light is derived from the setting on the strobe light. We set our 

strobe to be ñ1300 rpm.ò This means that there are 1300 revolutions per minute or the strobe 

pulses every .0462 seconds. This leaves no room for error in the time of our projectile motion 

because we know at every position that we see in the arc .0462 seconds have passed in time 

because of the setting of the strobe light. Quantitatively analyzing the figure above, we obtain the 

following data set. 

X Position 

(inches) 

Delta X 

(inches) 

Y Position 

(inches) 

Delta Y 

(inches) 

Delta T 

(seconds) 

0 0.0625 0 0.0625 0 

0.1875 0.0625 0.1875 0.0625 0.0462 

0.625 0.0625 0.4375 0.0625 0.0924 

0.9375 0.0625 0.5625 0.0625 0.1386 

1.125 0.0625 0.625 0.0625 0.1848 

1.5 0.0625 0.6875 0.0625 0.231 

1.75 0.0625 0.71875 0.0625 0.2772 

2 0.0625 0.71875 0.0625 0.3234 

2.25 0.0625 0.6875 0.0625 0.3696 

2.75 0.0625 0.625 0.0625 0.4158 

2.9375 0.0625 0.5625 0.0625 0.462 

3.1875 0.0625 0.4375 0.0625 0.5082 

3.4375 0.0625 0.3125 0.0625 0.5544 

3.625 0.0625 0.125 0.0625 0.6006 

Table 2: Data set containing the X position (horizontal), the error in the horizontal 

measurement, the Y position (vertical), the error in the vertical measurement, and the time 

associated with each horizontal and vertical measurement. 
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The figure above contains the X position or horizontal position measured from the initial 

point, including the possible error in our measurement, the Y position or vertical position 

measured from the initial point, including the possible error in the measurement, and the change 

in time associated with each X and Y position. Notice the first set of data (X, Y, T) is a set of 

zeros because that is our beginning position while every measurement following that is added 

onto that point.  

While we have data for the projectile motion of a tossed ball, our main objective was to 

study the projectile motion from catapults and trebuchets, for which we still do not have data. To 

solve this problem we needed to introduce a new piece of equipment, the digital video camera. 

The digital video camera has a higher resolution and quicker turnaround time. With the still shot 

photography, it would take a couple of days to develop the film to determine whether projectile 

motion was detected, but with the digital video camera, one can simply replay the video in 

seconds to see if the projectile motion was captured by the high resolution camera. Because one 

of the main problems of the still shot photography was the speed of the ball, we thought it best to 

film the projectile in slow motion to ensure the capture of the high speed projectile motion. This 

was done by simply setting the camera to its slow motion option found in the menu of the 

camera. With the high resolution to pick up the small ball, the slow motion digital capture, and 

the small turnaround time, the problem of depicting the projectile motion of catapults and 

trebuchets is solved. 

 We set up the experiment again in a very similar way to the still shot photography. The 

digital camera needs to be completely horizontal or at a 90º angle to a blackened background or a 

background from which the projectile can be clearly established. This needs to be done because 

if the camera is slightly skewed or at anything but a 90º angle to background then the motion of 
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the projectile will be skewed to this angle. This will be a problem when analyzing the data 

because one cannot go easily from the projectileôs digital position to converting it to its real 

position in meters. If the camera is horizontal to the background, then converting the digital 

position to the real position in meters is simply done by a conversion factor found later. If it is 

not horizontal to the background then one would need to account for this angle in calculations, 

which is only added work.  We use a blackened background because we have covered the small 

projectile with a metallic covering, so that it can clearly be seen against the black background. 

After setting up the camera to a 90º angle to the blackened back drop, we simply fire the catapult 

and trebuchet while filming its motion. It is important to make sure to film the entire motion of 

the projectile from beginning to end to make sure we get a full picture of the motion. One might 

need to move the camera closer to the board or further from the board to ensure this happens. 

The only thing that will change by moving the camera in such a way is the conversion factor 

mentioned before and that will be discussed later.  

Once the projectile motion is established on camera, the digital analysis can begin. Two 

computer programs are necessary for this step. The first being a program to watch the digital 

video and save still shots from the video and the second being a program to analyze each still 

shot, being able to determine its exact position in the shot. The first program we used was a 

program called ñVirtualdubmod.ò This program downloaded from the internet at no cost, and it 

is perfect because you are able to save still shot versions of the video for a specific time that is 

clearly visible on the video.  
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Figure 11: Still shot image taken from video of the projectile motion of the catapult. This 

particular image was taken at a time marked 1.568 seconds. The circled mark is the 

projectile as it travels through the air at the marked time 

 

From the video, we know the time of each image, but a program to determine the position 

of each point is now needed.  A perfect program for this is a program called ñPaint,ò which is 

found in any program using any form of Windows. From Paint, we can determine the X and Y 

position of the projectile using the pixels of the pictures.  
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Figure 12: This is the paint image of the exact image before, only here we can see in the 

corner the pixel position, (569,296) 

 

 The figure above shows an example of using Paint to find the digital position of 

the projectile. Paint is probably the easiest program for this purpose because all that is done is 

putting the cursor over the position of the projectile and the bottom right hand corner shows the 

position in pixels, here it says the pixel position of the projectile is (569,296). This is the (X, Y) 

position. Doing a complete analysis of each video is done by taking several images of different 

positions of the projectile motion and then finding the digital pixel position of each location of 

the projectile. This is a tedious process but it is necessary in order for a complete picture of 

motion of the projectile. 

position 

# 

Position X 

(pixels) 

Delta X 

(pixels) 

Position Y 

(pixels) 

Delta Y 

(Pixels) 

time 

(seconds) 
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1 668 5 337 5 1.106 

1.5 660 5 331 5 1.174 

2 651 5 327 5 1.207 

2.5 620 5 313 5 1.342 

3 599 5 305 5 1.442 

4 555 3 291 3 1.643 

5 515 3 282 3 1.811 

6 472 3 275 3 2.012 

7 443 3 273 3 2.146 

8 409 5 272 5 2.313 

9 381 3 274 3 2.448 

10 344 3 279 3 2.616 

11 331 3 281 3 2.682 

12 290 3 291 3 2.884 

13 283 5 295 5 2.917 

14 253 5 302 5 3.051 

15 233 3 312 3 3.152 

16 220 5 318 5 3.129 

17 192 5 333 5 3.352 

18 183 5 339 5 3.387 

19 168 5 345 5 3.487 

Table 3: Data of the projectile motion of the catapult containing X position in pixels, the 

error in the X position, the Y position in pixels, the error in the Y position, and the time 

associated for each position as shown from the camera. 
 

Position 

# 

Position X 

(Pixels) 

Delta 

Position X 

(Pixels) 

Position Y 

(Pixels) 

Delta Position 

Y (Pixels) 

time 

(seconds) 

1 642 5 263 5 4.371 
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2 636 5 257 5 4.404 

3 633 3 253 3 4.4438 

4 621 5 242 5 4.505 

5 602 3 224 3 4.638 

6 598 5 219 5 4.671 

7 590 5 212 5 4.738 

8 578 5 204 5 4.805 

9 562 5 192 5 4.905 

10 561 3 190 3 4.938 

11 555 3 186 3 4.972 

12 531 3 169 3 5.138 

13 504 3 154 3 5.339 

14 498 3 151 3 5.372 

15 467 3 138 3 5.606 

16 436 3 128 3 5.839 

17 421 3 125 3 5.939 

18 399 3 123 3 6.106 

19 380 3 123 3 6.24 

20 359 3 124 3 6.406 

21 315 3 133 3 6.74 

22 307 5 136 5 6.807 

23 271 5 151 5 7.074 

24 216 5 189 5 7.508 

25 186 3 215 3 7.741 

26 166 3 236 3 7.908 

27 158 3 245 3 7.975 

28 133 5 276 5 8.175 
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29 113 5 300 5 8.342 

30 97 5 314 5 8.442 

Table 4: Data of the projectile motion of the trebuchet containing the X position in pixels, 

the error in the X position, the Y position in pixels, the error in the Y position, and the time 

associated for each position as shown from the camera. 

 

 The figure shows the data collected by digital analysis for the motion of the projectile 

coming from the catapult and the trebuchet. Each data set contains the X position, the error in the 

X position, the Y position, the error in the X position, and the time linked to each position as the 

camera displays it. The error in each positional point is relatively small because each positional 

point can be pin pointed with the cursor with superior accuracy with regards to physically 

measuring the position with a ruler as we did with the still shot photograph. The only reason 

there is error is because it is difficult to see exactly where the center of the projectile is located 

because what the naked eye is seeing is a splotch of light. The error is essentially the radius of 

the splotch of the light relative to where we guesstimate the center of the projectile to be.  

 One other thing that needs to be reconciled with regards to the data is the time. We filmed 

the projectile with the slow motion option of the camera, so the time associated with each 

position that was collected from the camera is wrong. This was discovered when some quick 

calculations were done to make sure our data was trustworthy. What we discovered was that our 

calculations were essentially a power of ten off. After making sure that digital analysis of each 

position was accurate, we turned our attention to the time. At first we thought the slow motion 

option recorded the correct time, but after a quick experiment we were proven wrong. 
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Figure 13: Screen shot of the ñTime Verification Experiment.ò Shown is an online digital 

clock that is collecting accurate time, and the bottom of the screen showns the time that the 

virtual dub mode program is displaying. The two times are shown to be inconsistent with 

each other. 

  

The experiment we conducted is a time verification experiment What we did was film a 

online stop watch which we knew to be accurate, and then watched it on the Virtualdubmode 

program to see if the time displayed was accurate. As shown in the figure, the time that the 

stopwatch displayed was inconsistent with the time that the virtuadubmode program displayed, 

in fact the virtualdubmode program displayed a time that was a factor of 4.022 larger than the 

actual time. This was verified by doing this experiment several times, and each time the program 

displayed a time that was a factor of 4.022 larger than the real time. So essentially, every time in 

the catapult and trebuchet data sets needs to be divided by 4.022 in order for the timing to be 

accurate and consistent with calculations done in following sections.   
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There will be error in each one of the times for two reasons. The first is that when the 

video camera works in the slow motion mode, the video is not continuous. The slow motion 

mode of the camera works by taking many shots of the area and then putting them back together. 

This particular camera takes about thirty frames per second. The second reason for error in the 

time is that computers have a refresh rate. When doing the time verification experiment, we were 

watching a computer screen to verify the correct real time, since the computer has a refresh rate 

there could be error in the actual time. For these two reasons, we will add in an error of .02 

seconds for each time. This was determined because computers refresh themselves about sixty 

times per 1 second. 

Error = 1 sec/ 60 = .02 seconds 

This is considered is an over estimation of the error in the refresh rate to account for the possible 

error in the actual video.  

Results ï Catapult  Projectile Motion 

 

 Websterôs dictionary defines results as ñan outcome, consequence of an operation or an 

answer to a calculation.ò (Results Definition) The following are the outcomes to our 

experiments, or the answers that will be discussed and analyze later.  

Force-Angle Measurements 

 

 During the force-angle experiment we looked at the effect of changing the angle of the 

lever arm with respect to the break point. From the data we collected, as we increased the angle 

with respect to the break point, the force required to keep the lever arm in place increased. 
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Therefore, as the angle increases the force on the projectile increases. This is displayed 

graphically below. It is shown that as the angle increases, the force increases exponentially.  

 
Figure 14: Graph of the data found in the Force-Angle experiment.  

Projectile Motion 

 

 During the projectile motion experiments, using both the video camera and the 35mm 

camera, the goal was to analyze the projectile motion of the ball. So we have to show that 

projectile motion occurred. Before this can happen, we need to convert the data collected during 

the experiment to real life numbers. For example, to analyze the projectile motion of the catapult 

we used the digital video camera and found the positions of the ball in pixels. We need now to 

convert those pixels to measurements with regards to our real system in meters. What we need is 

something in the video that we are sure of its size in the real system. In our video, we know the 

background to be a blackboard of 3.4 meters by 1.2 meters because we physically measured it 

during the experiment. Using the paint program, we can look at the pixel dimensions of the 

blackboard, and then using those we can find a conversion factor. For the video of the catapult, 

the pixel dimension of the backboard is 619 pixels by 186 pixels.   
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186 pixels = 120 cm ---- 1 pixel = .6452 cm 

619 pixels = 340 cm ---- 1 pixel = .5500 cm 

Knowing the digital dimensions and the real dimension, conversions factors of .6452 in the Y 

direction and .55 in the X direction are found. We then simply multiply all our pixel positions by 

this conversion factor to find the position in the real system. The pixel positions do not start at a 

simple zero position. To make our calculations easier we will make our first position zero in both 

directions by subtracting the first positions measurement from each additional measurement after 

in its respective direction. After doing this the following this the data found. 

position 

# 

Converted 

X (m) Delta X (m) 

Converted 

Y(m) Delta Y (m) 

time 

(seconds) 

Delta t 

(seconds) 

1 0 0 0 0 0.275098696 0.004997252 

1.5 0.044 0.0275 0.038712 0.03225 0.291839488 0.004997252 

2 0.0935 0.0275 0.06452 0.03226 0.300084953 0.004997252 

2.5 0.264 0.0275 0.154848 0.03226 0.333566538 0.004997252 

3 0.3795 0.0275 0.2064 0.03226 0.358552796 0.004997252 

4 0.6215 0.0165 0.2967 0.019356 0.408525311 0.004997252 

5 0.8415 0.0165 0.35475 0.019356 0.450252361 0.004997252 

6 1.078 0.0165 0.3999 0.019356 0.500224876 0.004997252 

7 1.2375 0.0165 0.4128 0.019356 0.533506571 0.004997252 

8 1.4245 0.0275 0.41925 0.03226 0.575183649 0.004997252 

9 1.5785 0.0165 0.40635 0.019356 0.608665234 0.004997252 

10 1.782 0.0165 0.3741 0.019356 0.650392284 0.004997252 

11 1.8535 0.0165 0.3612 0.019356 0.666883214 0.004997252 

12 2.079 0.0165 0.2967 0.019356 0.717105592 0.004997252 

13 2.1175 0.0275 0.2709 0.03226 0.725351057 0.004997252 
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14 2.2825 0.0275 0.22575 0.03226 0.758582779 0.004997252 

15 2.3925 0.0165 0.16125 0.019356 0.783569037 0.004997252 

16 2.464 0.0275 0.12255 0.03226 0.80030983 0.004997252 

17 2.618 0.0275 0.0258 0.03226 0.833791415 0.004997252 

18 2.6675 0.0275 -0.0129 0.03226 0.84203688 0.004997252 

19 2.75 0.0275 -0.0516 0.03226 0.867023137 0.004997252 

Table 5: Converted data of Table 2: Data set containing the X position (horizontal), the 

error in the horizontal measurement, the Y position (vertical), the error in the vertical 

measurement, and the time associated with each horizontal and vertical measurement. 

Contains the position in meters and the converted real time of the catapultôs projectile 

motion. 

  

 This table contains the converted positions in the X and Y directions in meters, with their 

respective errors, and the converted real time. This is the camera time divided by the 4.022 

conversion factor found in the procedures section. Taking the X and Y positions and graphing 

them against each other, yields the below graph. 

 

 
Figure 15: Graphical representation of the projectile motion of the catapult, containing the 

X and Y positions in meters 
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 The figure above is a graphical representation of the data in Table 2: Data set containing 

the X position (horizontal), the error in the horizontal measurement, the Y position (vertical), the 

error in the vertical measurement, and the time associated with each horizontal and vertical 

measurement.. It shows the motion of the projectile as it came from the catapult. The motion is 

shown to be an arc, as expected. It is from this arc that we will further discuss the projectile 

motion coming from the catapult. 

 As with the catapultôs data, we will do the same thing with the trebuchetôs data. Using the 

paint program again, we can look at the pixel dimensions of the blackboard, and then using those 

we can find a new conversion factor. For the video of the trebuchet, the pixel dimension of the 

backboard is 508 pixels by 149 pixels.   

149 pixels = 120 cm ---- 1 pixel = .6693 cm 

508 pixels = 340 cm ---- 1 pixel = .8054 cm 

Knowing the digital dimensions and the real dimension, conversions factors of .66693 in the Y 

direction and .8054 in the X direction are found. We then simply multiply all our pixel positions 

by this conversion factor to find the position in the real system. The pixel positions, again, do not 

start at a simple zero position. To make our calculations easier we will make our first position 

zero in both directions by subtracting the first positions measurement from each additional 

measurement after in its respective direction. After doing this the following this the data found 

for the trebuchet. 

Position 

# X (m) 

delta X 

(m) Y (m) 

delta 

Y (m) 

Real Time 

(s) 

Delta 

T(real) (m) 

1 0 0.033465 0 0.0405 1.092149318 0.004973 
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2 0.040158 0.033465 0.0486 0.0405 1.100394783 0.004973 

3 0.060237 0.020079 0.081 0.0243 1.110339313 0.004973 

4 0.140553 0.033465 0.1701 0.0405 1.125630903 0.004973 

5 0.26772 0.020079 0.3159 0.0243 1.158862626 0.004973 

6 0.294492 0.033465 0.3564 0.0405 1.167108091 0.004973 

7 0.348036 0.033465 0.4131 0.0405 1.183848883 0.004973 

8 0.428352 0.033465 0.4779 0.0405 1.200589676 0.004973 

9 0.53544 0.033465 0.5751 0.0405 1.225575933 0.004973 

10 0.542133 0.020079 0.5913 0.0243 1.233821398 0.004973 

11 0.582291 0.020079 0.6237 0.0243 1.242316726 0.004973 

12 0.742923 0.020079 0.7614 0.0243 1.283793913 0.004973 

13 0.923634 0.020079 0.8829 0.0243 1.334016291 0.004973 

14 0.963792 0.020079 0.9072 0.0243 1.342261756 0.004973 

15 1.171275 0.020079 1.0125 0.0243 1.400729599 0.004973 

16 1.378758 0.020079 1.0935 0.0243 1.458947579 0.004973 

17 1.479153 0.020079 1.1178 0.0243 1.483933836 0.004973 

18 1.626399 0.020079 1.134 0.0243 1.525660887 0.004973 

19 1.753566 0.020079 1.134 0.0243 1.559142472 0.004973 

20 1.894119 0.020079 1.1259 0.0243 1.600619659 0.004973 

21 2.188611 0.020079 1.053 0.0243 1.684073759 0.004973 

22 2.242155 0.033465 1.0287 0.0405 1.700814552 0.004973 

23 2.483103 0.033465 0.9072 0.0405 1.76752786 0.004973 

24 2.851218 0.033465 0.5994 0.0405 1.875968217 0.004973 

25 3.052008 0.020079 0.3888 0.0243 1.934186198 0.004973 

26 3.185868 0.020079 0.2187 0.0243 1.975913248 0.004973 

27 3.239412 0.020079 0.1458 0.0243 1.99265404 0.004973 

28 3.406737 0.033465 
-

0.0405 2.042626555 0.004973 
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0.1053 

29 3.540597 0.033465 

-

0.2997 0.0405 2.084353606 0.004973 

30 3.647685 0.033465 

-

0.4131 0.0405 2.109339863 0.004973 

Table 6: Converted data of Table 3: Data of the projectile motion of the catapult containing 

X position in pixels, the error in the X position, the Y position in pixels, the error in the Y 

position, and the time associated for each position as shown from the camera. contains the 

position in meters and the converted real time of the trebuchetôs projectile motion. 

 

 This table contains the converted positions in the X and Y directions in meters, with their 

respective errors, and the converted real time. This is the camera time divided by the 4.022 

conversion factor found in the procedures section. Taking the X and Y positions, and graphing 

them against each other, yields the following graph. 

 
Figure 16: Graphical representation of the projectile motion of the trebuchet, containing 

the X and Y positions in meters. 

 

 The figure above is a graphical representation of the data in Table 3: Data of the 

projectile motion of the catapult containing X position in pixels, the error in the X position, the Y 

position in pixels, the error in the Y position, and the time associated for each position as shown 

from the camera.. It shows the motion of the projectile as it came from the trebuchet. The motion 
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is, again, shown to be an arc, as expected. It is from this arc that we will further discuss the 

projectile motion coming from the trebuchet. 

  To study the projectile motion of the tossed ball from the still photograph, we use a 

process very similar to the process used for the video camera. We, again, need to convert the data 

collected during the experiment to real life numbers. To analyze the projectile motion of the 

tossed we used the 35mm camera and found the positions of the ball, as measured by a ruler. We 

need now to convert those measurements to dimensions with regards to our real system in 

meters. What we need is something in the photo that we are sure of its size in the real system. In 

our photo, we know the background to be a blackboard of 3.4 meters by 1.2 meters because we 

physically measured it during the experiment. Using a ruler again, we can look at the dimensions 

of the blackboard measured in the picture, and then using those we can find a conversion factor. 

For the photo of the tossed ball, the dimensions of the backboard are 4.25 inches to 1.5 inches.   

1.5 inches (camera) = 120 cm ---- 1 inch = 80 cm 

4.25 inches (camera) = 340 cm ---- 1 inch = 80 cm 

Knowing the digital dimensions and the real dimension, conversions factors of .8 in both the X 

and Y directions are found. We then simply multiply all our photograph positions by this 

conversion factor to find the position in the real system. Doing this yields the following data. 

Con. X 

(m) 

Con, 

Delta X 

(m) 

 Con, Y 

(m) 

Con. 

Delta Y 

(m) 

Delta T 

(seconds) 

Delta T_ 

(seconds) 

0 0.05 0 0.05 0 0.0231 

0.15 0.05 0.15 0.05 0.0462 0.0693 

0.5 0.05 0.35 0.05 0.0924 0.1155 
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0.75 0.05 0.45 0.05 0.1386 0.1617 

0.9 0.05 0.5 0.05 0.1848 0.2079 

1.2 0.05 0.55 0.05 0.231 0.2541 

1.4 0.05 0.575 0.05 0.2772 0.3003 

1.6 0.05 0.575 0.05 0.3234 0.3465 

1.8 0.05 0.55 0.05 0.3696 0.3927 

2.2 0.05 0.5 0.05 0.4158 0.4389 

2.35 0.05 0.45 0.05 0.462 0.4851 

2.55 0.05 0.35 0.05 0.5082 0.5313 

2.75 0.05 0.25 0.05 0.5544 0.5775 

2.9 0.05 0.1 0.05 0.6006 0.3003 

Table 7: Converted data of Table 4: Data of the projectile motion of the trebuchet 

containing the X position in pixels, the error in the X position, the Y position in pixels, the 

error in the Y position, and the time associated for each position as shown from the 

camera. contains the position in meters and the time of the tossed ballôs projectile motion 

 

 The figure contains the X and Y positions and their respective errors, along with their 

relevant time. This is the same time found in the original data found from the strobe timing. 

Below is a graphical representational data mentioned. 
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Figure 17: Graphical representation of the projectile motion of the tossed ball, containing 

the X and Y positions in meters. 

 

 The figure shows the arc that the projectile traveled in. It is the X and Y positions in 

meters graphed against each other. It is from this data and the time, which all other quantities 

will be derived from.  

Discussion and Analysis ï Catapult Projectile Motion 

 

Force Angle Measurements 

 

 The purpose of conducting force-angle experiment was to examine how changing the 

angle of the lever arm with respect to the break affected the force on the projectile. We expect 

that as the angle increases, the force on the projectile also increases. We expect this simply by 

observing how the catapult works. The projectile travels the furthest when the lever arm is pulled 

down to the horizontal, and travels the least when the angle is very small. From these 

observations, we expect that as the angle increases the force increases. Our expectation is only 

reinforced by Hookeôs law. The force is produced by the twisted strings of the catapult, or 
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torsion. We are measuring the force as the angle increases; from these two measurements we can 

calculate the torque from the equation 

T = F × r 

Or  

T = Frsinɗ. 

Hookeôs law states that  

T = -kɗ (Torsion Spring) 

So the torque should increase linearly as the angle increases since the torsion coefficient remains 

constant. 

 
Figure 18: Graph of Torque vs. Angle for the catapult 

.  

 The figure shows that the torque does increase as the angle increases with an upward 

slope, but it does not increase linearly as expected. Instead it appears to increase exponentially. 
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This suggests that the torsion coefficient may not be constant. The twisted string may be affected 

as the force is increased or over time.  

 Our observations of how the catapult worked only confirmed this suspicion. As we 

worked with the catapult over and over again, we noticed that the range of the catapult decreased 

with time and that we had to turn the strings more and more in order to get back to the range that 

we once were at.  

 It would be interesting to observe this phenomenon further. We could experiment to see 

what materials work best with the catapult, not only affecting the range but what materials follow 

with Hookeôs law and do not stretch. Conducting the force-angle experiment with different 

materials would observe this trend. We could also look at the affect of time by conducting these 

experiments over several days or weeks. This is beyond the time allocated for this MQP, but it 

certainly is an interesting trend to look at with a class.  

Projectile Motion 

 

 From the results of the original experiments, quantities like velocity and acceleration can 

be derived. We know that that velocity is the derivative of position with respect to time, and 

acceleration is the derivative of velocity with respect to time. So by knowing the change in 

position and the change in time, we are able to find acceleration by taking a double derivative. 

From the position and time quantities resultant of the data analysis, we will use the following 

equations to find velocity and acceleration, 

V= (P2 ï P1) / (T2 ï T1) 

A= (V2 ï V1) / (T2 ï T1) (Resnick, Halliday and Krane), 
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where V is velocity, A is acceleration, P is position, and T is time. The definition of average 

velocity is the change in position over the change in time, just as acceleration is the change in 

velocity over the change in time. So using our converted positions and times, we can find the 

average velocity and average accelerations over the full course of motion.  

 With this, there is also definite need of error analysis. Using the digital camera, there is 

small error in the positions and an error in the time due to the time conversion from slow motion. 

There two errors will affect the calculations for velocity and acceleration, therefore the error 

needs to be propagated to these quantities. We will do this by using the equation  

ŭq = sqrt( ŭqx
2
 + ŭqy

2
 ), 

where 

ŭqx = q(x + ŭx, y) ï q(x, y) 

ŭqy = q(x, y + ŭy) ï q(x, y) 

 (Taylor, An Introduction to Error Analysis: The study of uncertainties in physical 

measurements). 

 

Here the total error for q comes from two variables, we combine the two errors by 

following each equation, one adding in the error from x and holding y constant, and the other 

adding in the error from y and holding x constant. We do the same thing finding the error in 

velocity and in acceleration. For velocity, adding in each error in the X position, Y position, and 

time separately while holding the rest constant. For acceleration, adding in each error in the 

velocity calculated in the X and Y direction and the error in time separately while holding all 

other constant. Doing this and calculating the velocities in the X and Y direction, and the 

acceleration in the X and Y direction generates the data in the following table.  
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position 

# Vx(m/s) Delta Vx 

Ax 

(m/s^2) Delta Ax Vy (m/s) Delta Vy 

Ay 

(m/s^2) Delta Ay 

1 3.742057 1.573369 27.54858 43.63296 2.582219 1.506295 -3.72867 41.27638 

1.5 5.272359 1.304304 -10.9722 31.5715 2.783231 1.194595 -19.4293 28.69329 

2 4.891578 0.89431 2.70405 19.11883 2.426633 0.834753 -14.9179 17.42105 

2.5 4.769288 0.622856 3.580984 13.29734 1.8924 0.533064 -13.1462 10.69958 

3 5.038192 0.52386 -3.07172 7.850676 1.617783 0.428956 -10.0384 5.98026 

4 4.978213 0.461812 -4.0659 8.778078 1.125414 0.310967 -9.9143 6.803045 

5 4.756516 0.493312 -2.77408 9.155697 0.697262 0.334136 -9.89907 6.311929 

6 4.622541 0.612808 1.744002 11.61231 0.258142 0.502491 -11.4373 9.538386 

7 4.537068 0.529933 2.481366 11.73145 -0.08582 0.3643 -9.17374 8.058926 

8 4.753444 0.619684 -4.52021 12.83838 -0.60033 0.503439 -8.392 9.951372 

9 4.723627 0.704845 -3.33502 16.81091 -0.77553 0.479729 -12.3092 13.27388 

10 4.451885 0.590365 7.260295 20.70275 -1.16019 0.428627 -8.79351 16.74989 

11 4.515303 0.77804 4.168772 22.33579 -1.54444 0.670563 -6.78373 19.22576 

12 4.906311 1.152335 -11.1663 33.38609 -1.71058 0.954701 -15.2994 30.4383 

13 4.723627 0.799755 -4.67449 24.17738 -1.88344 0.686321 -16.2803 21.86794 

14 4.349696 1.198049 11.46795 37.81901 -2.47322 1.174148 -16.811 37.06795 

15 4.49003 0.905001 -11.2654 37.41584 -2.697 0.842333 8.002335 36.7858 

16 4.876932 1.257384 -45.5989 34.7061 -3.2461 1.229231 86.2014 36.81636 

17 3.972108 1.460628 -36.2375 67.09934 -2.3291 1.465392 102.762 73.60212 

18 3.167914 0.037629 3.7072 0.049026 -0.01532 0.038312 -0.01793 0.044834 

19 3.171772 0.036557 3.688107 0.04383 -0.05951 0.037209 -0.0692 0.043267 

Table 8: Derived quantities of velocity and acceleration from position and time. 

 

 The X and Y velocities in the table seem accurate with the system. The velocity in the X 

direction stays relatively constant, while the velocity in the Y direction starts high, then 

decreases on the way up the arc until it there is zero velocity and switches direction downward, 
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from there it increases in velocity until the end of the motion. In a perfect system, the 

acceleration in the X direction would be zero, and the acceleration in the X direction to be 

9.8m/s
2
. This is not a perfect system so we do expect there to be variation in those accelerations 

but it should be in the vicinity of the expected values. Looking at the values calculated for the 

acceleration in the X and Y direction, they do perform as expected.  

 
Figure 19: Graph of the X acceleration. The accelerations as each point are positioned 

around the zero line. 
  

 In the figure above, the X acceleration at each point is situated around the zero line, 

which is expected. The graph is similar for the acceleration in the Y direction, only the points are 

positioned around the 9.8 line.  

 What is really interesting about the table is how the error propagated though. Looking at 

the error values for the velocities, they seem to be a textbook case. This is because the error in 

time and the error in the positions are not related at all. However, looking at the error in the 

accelerations, they are extremely high in proportion to the calculated accelerations. All 

calculations were checked to ensure that the high error was not due to miscalculation. All 
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computations were proven correct, so there is in fact that large of an error. This is because the 

errors in the velocities are related to the error in time.  

ŭqx = q(x + ŭx, y) ï q(x, y) 

ŭqy = q(x, y + ŭy) ï q(x, y) 

The two equations above give accurate error when the two variablesô errorsô are not related, but 

since the errors in velocities are related to the errors in time the error found for the accelerations 

are proportionally large. This high error, while seemingly shocking, actually reaffirms the fact 

that accelerations, velocities, and time are all related. While this is outwardly obvious to most, it 

is key to confirm the basic principles of physics while learning and experimenting.  Even though 

the actual values for velocity and acceleration are consistent to what we predicted, because their 

calculated errors are so high they cannot completely be trusted as experimental data unless 

verified in some other way.  Therefore the data that is best to work with are the positions and 

times. 
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Figure 20: Graph of the Y Position versus time along with a fit of the polynomial shown 

that best fits the motion. This is the equation of motion is representative of  

Y = VOt + (1/2) at
2
, therefore the -5.185 illustrates the acceleration in the Y direction in the 

equation. 

 

 When graphing the Y positions versus the time, what is shown is a parabola like the 

equation Y = VOt + (1/2) at
2
. The figure above is the graphical representation of the Y position 

data and the time. Graphed along side is a parabolic equation that fits best with the data. The 

equation of the fit is on the graph. Looking at this equation, the number 

 -5.185 is the ñ(1/2)aò in Y = VOt + (1/2) at
2
. Therefore the average acceleration in the Y 

direction is -10.37 m/s
2
. This is higher than -9.8 m/s

2
, which is the value of the Y acceleration in 

a vacuum. This higher value of acceleration in the Y direction is evidence of air drag. A higher 

acceleration in the Y direction means the object is traveling slower than it would in a vacuum, 

due to the added negative acceleration. This is evidence of an added force, air friction. 

 
Figure 21: Graph of the X Velocity versus time. In a perfect system, this would be a 

straight line, meaning the X velocity is constant, since the X Velocity is downward sloping 

here; this is representative of air friction. 
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 Graphing the X velocity against the time is only further evidence of air friction. In 

vacuum, The X velocity would be a straight line because it is constant. Here the X velocities 

calculated show a definite downward slope through the time of projectile motion. The downward 

slope means the X velocity over time is slowing, meaning there is a force causing it to slow; this 

force being air friction.  

 Seeing that there are two separate showings of air friction, we now can compare our 

calculated X and Y accelerations with theoretical values of X and Y accelerations with air 

friction. With this comparison, if they are shown to be consistent with that of the theoretical 

values, then there is more confidence in the actual calculated values considering the magnitude 

of the error associated with the accelerations.  

 Using the equations  

Max = - ɔD
2
*sqrt( vx

2
 + vy

2
vx) 

May = -Mg - ɔD
2
*sqrt( vx

2
 + vy

2
vy) (Taylor, Classical Mechanics 62), 

we calculate theoretical values of acceleration using the experimentally calculated values of 

velocity, and other values like the mass of the ball. The actual calculated theoretical values of 

acceleration including errors are found in appendix. What is important is to see the theoretical 

values compared with the experimentally calculated values to see how they balance.  
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Figure 22: Graph of the X acceleration versus time for both the experimental values and 

the theoretical values of the X acceleration, where time is held constant. The 

experimentally values, when graphed pass directly though the theoretical values. 

.  

 

 

 The above graph is a comparison of the theoretical values of the X acceleration compared 

with the experimentally calculated values of the X acceleration graphed against a constant time. 

The pink line is the experimentally calculated values and the blue line is the theoretical values of 

the X acceleration. When graphed together, the pink line passes though the blue line. Meaning, 

the experimental values follow right in line with theoretical values. Of course they will not be 

exact, because the way we calculated the acceleration is an average acceleration for the time, 

while the theoretical calculations are supposed to be instantaneous for each velocity. The average 

of the theoretical values is -0.233 +/- 0.072 m/s
2
. Going back to figure, which is a graph of the X 

velocity vs. time, we see the slope of the line or the acceleration in the X direction is -1.4 m/s
2
. 

However included in the graph are obvious outliers. Once those are taken out, the slope of the 

-50

-40

-30

-20

-10

0

10

20

30

40

0 0.2 0.4 0.6 0.8 1

Time (seconds)

X
 A

c
c
e
le

ra
ti

o
n

 (
m

/s
^

2
)



49 

 

line or the acceleration in the X direction is -0.23 m/s
2
. This is exactly the theoretical value of the 

X acceleration. 

 
Figure 23: Graph of the Y acceleration versus time for both the experimental values and 

the theoretical values of the Y acceleration, where time is held constant. The 

experimentally values, when graphed pass directly though the theoretical values. 

 

 Having already compared the X accelerations, the theoretical values of the Y acceleration 

are graphed above with the experimental values. Again, the experimental values pass directly 

though the line of theoretical values, where the experimental values are the blue line and the 

theoretical values are the pink line.  This again shows the experimental values follow right in line 

with theoretical values. Again, they will not be exact, because the way we calculated the 

acceleration is an average acceleration for the time, while the theoretical calculations are 

supposed to be instantaneous for each velocity. The average theoretical Y acceleration is -9.98 

+/- 0.07.  
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Figure 24: Graph of the Y velocity versus the associated time. The slope of this graph is the 

acceleration in the Y direction. 
 

 Shown in the figure above, when graphing the Y velocity versus the related time, the 

slope is the acceleration in the Y direction. The slope shown on the graph from the linear fit, the 

acceleration in the Y direction is -10.117 m/s
2
. This is very similar to the theoretical Y 

acceleration value, so similar in fact that it verifies our experimental calculations for acceleration 

in the Y direction, also in the X direction from the above calculation.  

 In order to make sure that our experiment yields sound data, we need to compute and 

analyze the data for another apparatus to make sure that the analysis and experimentation process 

is reliable and not a fluke for the catapult. The other apparatus we will use, of course, is the 

trebuchet.  

 From the position and time quantities resultant of the trebuchet data analysis, we will use 

the following equations again to find velocity and acceleration, 

V= (P2 ï P1) / (T2 ï T1) 

y = -10.117x + 5.3597
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A= (V2 ï V1) / (T2 ï T1) (Resnick, Halliday and Krane 23), 

where V is velocity, P is position, and T is time. To propagate the necessary data error, we will 

for second time use the equation  

ŭq = sqrt( ŭqx
2
 + ŭqy

2
 ), 

where 

ŭqx = q(x + ŭx, y) ï q(x, y) 

ŭqy = q(x, y + ŭy) ï q(x, y) 

(Taylor, An Introduction to Error Analysis: The study of uncertainties in physical measurements 

79) 

 

When all is calculated, the following data set is established.  

 

 

 

 

Position 

# 

Vx_ 

(m/s) delta Vx 

Ax_ 

(m/s^2) Delta Ax 

Vy_ 

(m/s) Delta Vy 

Ay_ 

(m/s^2) delta Ay 

1 3.311546 2.364827 44.41563 120.839 4.452997 3.23458 17.86827 156.1172 

2 3.978226 1.806073 -7.23468 76.9128 4.814528 2.678624 -8.75555 84.41263 

3 4.275945 1.085117 -23.5896 39.96011 4.840972 1.004787 -21.1295 54.23635 

4 3.711414 2.186601 8.624439 78.13253 4.491626 1.58507 -25.9621 74.29253 

5 3.214407 1.42392 43.67462 79.02372 3.890138 2.219069 -0.26561 92.13758 

6 3.998019 1.398764 -15.2682 71.76435 3.62886 1.883403 -5.75621 65.82286 
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7 4.491187 1.790648 -45.1601 83.29309 3.882374 1.52673 -26.1286 93.47241 

8 3.423867 2.305215 23.77874 103.1785 3.412402 1.605552 -0.34143 72.56131 

9 2.798613 2.536278 27.69441 83.69521 2.903088 3.147464 -2.29239 95.24963 

10 4.018009 1.140516 -3.39366 18.05363 3.403871 0.842195 -12.8493 15.17168 

11 3.722406 1.149278 -0.13835 19.73266 2.826622 0.433419 -11.7733 9.443786 

12 3.777615 0.578012 -3.53644 16.33283 2.493678 0.661366 -14.3326 11.78183 

13 3.712018 0.935041 -0.12813 13.29756 1.942641 0.554967 -7.38368 7.65589 

14 3.556268 0.842811 1.558362 9.80546 1.596595 0.309914 -9.90064 6.089757 

15 3.700268 0.782679 -0.68809 12.4906 1.265561 0.426795 -14.0098 8.449916 

16 3.712018 0.499962 -1.97932 13.47657 0.607075 0.519147 -10.0779 9.813083 

17 3.64869 0.51382 -2.2164 10.68321 0.215401 0.457384 -11.5039 7.207194 

18 3.571563 0.815089 -0.98027 11.08913 -0.10806 0.458571 -8.62524 6.643466 

19 3.482274 0.615763 0.413243 10.92183 -0.64836 0.277496 -9.76085 5.784419 

20 3.47359 0.750944 0.040473 9.109017 -0.97011 0.476317 -16.1273 6.502288 

21 3.52879 1.064068 -0.89084 11.47899 -1.74707 0.584981 -10.5448 5.160862 

22 3.477307 0.368374 -0.7546 7.357381 -2.45099 0.341523 -7.94649 3.771428 

23 3.413601 1.034797 -1.56301 8.725256 -3.11056 0.312392 -7.84368 6.283124 

24 3.348341 1.202239 -0.47498 16.31422 -3.80909 0.543773 -13.225 13.07278 

25 3.205249 0.530901 1.265792 18.06545 -4.15613 0.775144 -11.2178 16.07655 

26 3.310719 0.473674 3.799873 50.29325 -4.8566 0.876191 3.065788 16.68145 

27 3.284476 0.998302 -20.0214 12.73237 -4.85826 0.636656 59.52131 9.639929 

28 3.611693 3.955196 -51.5584 108.6875 -4.61377 0.988733 121.0063 34.01805 

29 1.698655 0.019405 0.8101 0.009451 -0.14379 0.019433 -0.06857 0.009269 

30 1.729302 0.018094 0.823477 0.008671 -0.19584 0.019206 -0.09326 0.009146 

Table 9: Derived quantities of velocity and acceleration from position and time 

 

 The X and Y velocities in the table, yet again, are accurate with the system. The velocity 

in the X direction stays relatively constant, while the velocity in the Y direction starts high, then 
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decreases on the way up the arc until it there is zero velocity and switches direction downward, 

from there it increases in velocity until the end of the motion. In a perfect system, the 

acceleration in the X direction would be zero, and the acceleration in the X direction to be 

9.8m/s
2
. This is not a vacuum, so we do expect there to be variation in those accelerations but it 

should be in the vicinity of the expected values. Looking at the values calculated for the 

acceleration in the X and Y direction, they do perform as expected.  

 
Figure 25: Graph of the Y acceleration. The accelerations as each point are positioned 

around the zero line. 

 

 In the figure above, the Y acceleration at each point is situated around the 9.8 line, which 

is expected. The graph is similar for the acceleration in the X direction, only the points are 

positioned around the zero line.  

 Looking at the error values again, we will see if there are similarities between the catapult 

data set and the trebuchet. They are expected to be because they were calculated the same way. 

This is another reaffirmation of the relation of errors. The errors in velocities again seem to be 

reasonable compared to the actual velocities. This is because the error in time and the error in the 
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positions are not related at all. However, looking at the error in the accelerations, they are again 

extremely high in proportion to the calculated accelerations. This is because the errors in the 

velocities are related to the error in time. This high reaffirms the fact that accelerations, 

velocities, and time are all related.  Even though the actual values for velocity and acceleration 

are consistent to what we predicted, because their calculated errors are so high they cannot 

completely be trusted as experimental data unless verified in some other way.  Therefore the data 

that is best to work with are the positions and times. 

 
Figure 26: Graph of the Y Position versus time along with a fit of the polynomial shown 

that best fits the motion. This is the equation of motion is representative of 

Y = VOt + (1/2) at
2
, therefore the -5.2021 illustrates the acceleration in the Y direction in 

the equation. 

 

 When graphing the Y positions versus the time, what is shown is a parabola like the 

equation Y = VOt + (1/2) at
2
. The figure above is the graphical representation of the Y position 

data and the time. Graphed along side is a parabolic equation that fits best with the data. The 

equation of the fit is on the graph and this gives us valuable information about the data set. 

Looking at this equation, the number -5.2021 is the ñ(1/2)aò in Y = VOt + (1/2) at
2
. Therefore the 

average acceleration in the Y direction is -10.40 m/s
2
. This is higher than -9.8 m/s

2
, which is the 

y = -5.2021x2 + 16.202x - 11.477
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value of the Y acceleration in a vacuum. This higher value of acceleration in the Y direction is 

evidence of air drag. A higher acceleration in the Y direction means the object is traveling slower 

than it would in a vacuum, due to the added negative acceleration. This is evidence of an added 

force, air friction. 

 
Figure 27: Graph of the X Velocity versus time. In a perfect system, this would be a 

straight li ne, meaning the X velocity is constant, since the X Velocity is downward sloping 

here; this is representative of air friction. 
 

 Graphing the X velocity against the time is only further evidence of air friction. In 

vacuum, The X velocity would be a straight line because it is constant. Here the X velocities 

calculated show a definite downward slope through the time of projectile motion. The downward 

slope means the X velocity over time is slowing, meaning there is a force causing it to slow; this 

force being air friction.  

 Because there is again evidence of air friction, we again use the equations  

Max = - ɔD
2
*sqrt( vx

2
 + vy

2
vx) 

May = -Mg - ɔD
2
*sqrt( vx

2
 + vy

2
vy) (Taylor, Classical Mechanics 62), 

y = -0.6003x + 4.5173
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to calculate the theoretical values of acceleration using the experimentally calculated values of 

velocity, and other values like the mass of the ball. The actual calculated theoretical values of 

acceleration including errors are found in appendix. What is important is to see the theoretical 

values compared with the experimentally calculated values to see how they balance.  

 (A) 

 
Figure 28: (A) Graph of the X acceleration versus time for both the experimental values 

and the theoretical values of the X acceleration, where time is held constant. The 

experimentally values, when graphed pass directly though the theoretical values. (B) Graph 

of the Y acceleration versus time for both the experimental values and the theoretical 

values of the Y acceleration, where time is held constant. The experimentally values, when 

graphed pass directly though the theoretical values. 
 

(B) 
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 The above graphs are a comparison of the theoretical values of the acceleration compared 

with the experimentally calculated values of the acceleration graphed against a constant time.  

The graph labeled (A) is a graph of the theoretical and experimental X acceleration, where the 

pink are the experimental values and the blue line is the theoretical values. When graphed 

together, the pink line passes though the blue line. Meaning, the experimental values follow right 

in line with theoretical values. Again, they will not be exact, because the calculated accelerations 

are averages of acceleration for the time, while the theoretical calculations are supposed to be 

instantaneous for each velocity. The average of the theoretical values is -0.262 +/- 0.108 m/s
2
. 

Going back to Figure 21: Graph of the X Velocity versus time. In a perfect system, this would be 

a straight line, meaning the X velocity is constant, since the X Velocity is downward sloping 

here; this is representative of air friction. We see the slope of the line or the acceleration in the X 

direction is -0.6003 m/s
2
. However included in the graph are obvious outliers. Once those are 

taken out, the slope of the line or the acceleration in the X direction is lowered to -0.5195 m/s
2
. 

This does not overlap with the theoretical X acceleration. 

 The theoretical values of the Y acceleration are graphed above with the experimental 

values in the Figure labeled (B). Again, the experimental values pass directly though the line of 

theoretical values, where the experimental values are the blue line and the theoretical values are 

the pink line.  This again shows the experimental values follow right in line with theoretical 

values. Again, they will not be exact, because the way we calculated the acceleration is an 




