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SPH4U: “Oomph” 
When you catch a hevy object you feel a lot of “Oomph”. What is this 
mysterious quantity that we all kind of know? Let’s find out.  

A: Figuring Out the Formula for Oomph! 
The more oomph something has, the harder it is to stop, and the more ability it has to knock other things over.  Let’s figure 
out the formula for oomph.   

1. Reason. A small pebble and a larger rock are thrown at the same speed. 
(a) Which one has more oomph?  Why? 

 
 
 

(b) The rock is twice as massive as the pebble.  Intuitively, how does the rock’s oomph compare to the pebble’s 
oomph?  Is it twice as big?  Half as big?  Three times as big? 

 
 
 
 
 
2. Reason.  Picture two identical bowling balls, one of which is rolling faster than the other. 

(a) Which ball, the faster or slower one, has more oomph?  Why? 
 
 
 
 

(b) The faster ball is exactly 7 times as fast as the slower one. Intuitively, how does the faster ball’s oomph 
compare to the slower ball’s oomph? 

 
 
 

3. Find a Relationship. The physics concept corresponding to oomph is momentum. Building on your above answers, 
figure out a formula for momentum (oomph) in terms of mass and velocity.  Explain how the formula expresses your 
intuitions from parts A and B above.  (For nutty historical reasons, physicists use the letter p for momentum.). 

 
 
 
 
 
** check with your teacher at this point ** 
 
B: Testing Our Momentous Intuitions  
You will need a dynamics track and two carts. In the previous section, your intuitions about 
oomph led to a formula for momentum.  Now let’s see if your ideas hold true for collisions. Cart 
A (1 kg) is rolling with negligible friction at 3 m/s and collides with and sticks to cart B 
(identical to cart A).  So, after colliding, the carts roll together as a single unit.  

1. Predict. Don’t do it yet! Using your intuitions, guess the post-collision speed of the two 
carts.  Briefly explain your reasoning. 

 
 
 
 
 
 
 
 

Moment 2 
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1 kg 1 kg 

Moment 1 
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2. Test. Use the carts and dynamics track to test your prediction. Roughly speaking, do your observations agree with your 
prediction? Did the first cart gain or lose momentum? What about the second cart? What about the system of two carts, 
did it gain or lose momentum? 

 
 
 
 
 
To help represent the momenta of a system before and after a process like a collision we can construct a impulse-momentum 
bar chart. In our notation, we use letters to denote different objects and numbers to indicate different moments in time. We 
draw a bar that represents the size and direction of the momentum of each object in the system. The exact heights are not 
important, but the bars must clearly show the correct ideas. The change in the momentum of the system is called the impulse 
and is represented by the symbol J.  
 
3. Represent and Explain.  Complete the momentum-impulse bar chart for the system of 

the two carts before and after the collision described above. For convenience, you can 
think of the cart A as having 3×1 = 3 units of momentum. Once complete, explain two 
ways in which the graph visually represents the fact that the impulse on the system was 
zero.  

 
 
 
 
 
Here is another situation to consider: in a similar experiment, cart A collides with cart B magnetically. The two carts don’t 
actually touch – the magnets act like a perfect spring between the two carts. After the collision, cart A is at rest. 
 
4. Predict. Again using intuitions, predict the post-collision speed of cart B.  
 
 
 
 

 
 
 
5. Test. Use the carts and dynamics track to test your prediction. Roughly speaking do your 

observations agree with your prediction? Did the first cart gain or lose momentum? What 
about the second cart? What about the system of two carts, did it gain or lose momentum? 
Complete the momentum-impulse bar chart. 

 
 
 
 
6. Summarize. Based on your work above, state a general rule about how the total 

momentum of a system changes during a collision. 
 
 
 
 
Here is one last situation to try out. The two carts are initially moving at 3 m/s in opposite directions. They collide and stick 
using Velcro. 
 
7. Predict and Test. Intuitively, after the collision, how fast do the carts move and in what 

direction? Test your prediction. 
 
 
 
 
 
 
 

pA1   pB1    J    pA2   pB2    

+ 
 
0 
 
- 
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pA1   pB1    J    pA2   pB2    

+ 
 
0 
 
- 

8. Reason. In all cart collisions explored above, momentum was conserved; it was the same before and after the collision.  
Because conserved quantities are useful in problem-solving, it would be cool if we could define momentum in such a 
way that it’s always conserved in collisions (between objects that are free to move). Is there some way to modify or 
clarify the momentum formula you figured previously so that momentum is conserved in the head-on collision between 
the two carts? Explain. (Hint:  Maybe oomph “cares” about direction.) 

 
 
 
 
9. Represent. Complete a momentum-impulse bar chart for this collision. Explain how the 

idea of direction is visually represented in the chart. 
 
 
 
 
 
** check with your teacher ** 
 
C: The Conservation of Momentum  
 
Conservation of momentum is a fundamental physical law.  Among other things, it says that when two objects collide, the 
total momentum of the system immediately after the collision equals the total momentum of the system immediately before 
the collision: 

Conservation of momentum:  2211 BBAABBAA vmvmvmvm 
+=+  

Since vmp 
= , and since velocity “cares” about direction, so does momentum. So, a negative oomph (momentum) can 

partially or fully cancel a positive oomph, as the Velcro™ carts demonstrated. 

Problem. Let’s practice using momentum conservation. A 750 g cart moves west at 2.5 m/s and collides head-on with a 500 
g cart heading east at 2 m/s.  They carts bounce magnetically off each other.  After the bounce, the 750 g car is heading west 
at 1.0 m/s.  
 
1. Represent. A good, first step in any problem conservation problem is sketching the initial and final states of the process. 

These are two key events. Complete Part A below. 
 

A: Pictorial Representation 
Sketch showing “before” and “after”, coordinate system, label given information, conversions, unknowns, key events 

 
 
 
 
 
 
 
 
 
 
 
2. Predict. Without doing calculations, make a quick guess for the final direction of motion of the lighter car.  Briefly 

explain your reasoning. 
 
 
 
3. Reason. Are there any important interactions between the system objects and the external environment? Will these affect 

the momentum? Explain. 
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pA1   pB1    J    pA2   pB2    
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pA1    JA   pA2       
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- 

FD 

PB1    JB   pB2       

+ 
 
0 
 
- 

FD 

4. Represent. Complete part B for the process. Draw the force diagrams for the two carts during the collision. 
 

B: Physics Representation 
momentum bar chart, force diagram 

 
 
 
 
 
 
 
 
5. Calculate. Now calculate the lighter car’s speed and direction of motion after the collision.  Make sure the equation is 

consistent with the bar chart. 
 

D: Mathematical Representation 
Complete equations, describe steps, algebraic work, substitutions with units, final statement 

 
 
 
 
 
 
 
 
 
 
 
 
6. Evaluate. Is your final answer reasonable (size, magnitude and direction)? Was your prediction right? 
 

E: Evaluation  
Answer has reasonable size, direction and units?  

 
 
 
 
 
 
D: A Further Look 

1. Represent. Some of you are probably wondering about impulse. 
We didn’t see any examples where there was an impulse. Try 
this: complete a momentum-impulse bar chart for the system of 
cart A and for the system of cart B in the first collision example 
(B#1). Draw a FD for each cart below the bar chart.  

2. Explain. What does each chart and FD tells us about the impulse 
experienced by the individual carts? 
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SPH4U: Types of Collisions 
 
A collision, or in general, any process may roughly fall in to three categories 
based on the system’s kinetic energy (Ek = ½mv2). If the system loses kinetic 
energy due to the process, the process is called inelastic. If the system maintains 
its kinetic energy, the process is called elastic. And if the system gains kinetic energy, the process is called superelastic. Our 
goal today is to identify collisions that fall in to these three categories. 
 
In our investigation, you will need a dynamics track and two carts. We will not be making precise measurements. We will 
simply estimate speeds or changes in speeds and try to making some decisions based on that. Make sure that carts don’t hit 
the floor! Turn them upside-down when you are not using them! Place obstacles at the ends of the track! 
 
A: The “Sticky” Collision 
1. Represent and Reason. For the collision below, sketch the before and after situations. Estimate the speeds just before 

and after the collision (for example, vA1 = 1 unit). Complete a momentum-impulse bar chart – for today’s collisions, you 
may assume that momentum is conserved. 

  
Situation: Sticky  Type of Collision: 

Before - Moment 1 
 

 

After - Moment 2 
 

 

Momentum Bar Chart 

 

Energy Bar Chart 

 
 
2. Reason. The energy bar chart above shows the kinetic energies of the two carts before and after the collision. Use a 

rough energy calculation to help explain the values shown in the new energy bar chart.  
 
 
 
 
3. Represent. Is the system of the two carts gaining or losing kinetic energy? Complete the chart by drawing a bar for ∆Ek. 

What type of collision is this an example of: elastic, inelastic, or superelastic? Record this above sketches. 
 
 
 
 
B: The “Bouncy” Collision 
1. Represent and Reason. For the collision below, sketch the before and after situations. Estimate the speeds involved. 

Complete a momentum-impulse bar chart and energy bar chart. Does the system gain or lose kinetic energy? Decide 
what type of collision it is. 

 
Situation: Bouncy  Type of Collision: 

Before - Moment 1 
 

 

After - Moment 2 
 

 

Momentum Bar Chart 

 

Energy Bar Chart 

 

vA1 = 1 unit vB1 = 0 

Carts collide 
magnetically 

EkA1 EkB1   ∆Ek EkA2 EkB2    
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0 
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vA1 = 1 unit vB1 = 0 
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0 
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C: The “Thunk”Collision 
1. Represent and Reason. For the collision below, sketch the before and after situations. Estimate the speeds involved. 

Complete a momentum-impulse bar chart and energy bar chart. Does the system gain or lose kinetic energy? Decide 
what type of collision it is. 

 
Situation: “Thunk”  Type of Collision: 

Before - Moment 1 
 

 

After - Moment 2 
 

 

Momentum-Impulse  
Bar Chart 

 

Energy Bar Chart 
 

 
 
D: The Explosion 
1. Represent and Reason. Sketch the before and after situations. Estimate the speeds involved (for example, vA1 = 1 unit). 

Complete a momentum-impulse bar chart and a new kinetic energy bar chart. Does the system gain or lose kinetic 
energy? Decide what type of collision it is. 

 
Situation: Explosion  Type of Collision: 

Before - Moment 1 
 

 

After - Moment 2 
 

 

Momentum-Impulse  
Bar Chart 

 

Energy Bar Chart 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

vA1 = 0 vB1 = 0 

Compressed spring 
is released. 

Get ready to catch! 

EkA1 EkB1   ∆Ek EkA2 EkB2    

+ 
 
0 
 
- 

pA1   pB1    J    pA2   pB2    

+ 
 
0 
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SPH4U: Collisions, Up Close and Personal 
 
There are some situations where momentum seems to appear and disappear. 
Let’s study one of these situations carefully. 
 
A: The Slowing Block 
A 1.0 kg block initially sliding at 1.5 m/s along a rough 
surface comes to a stop.  
 
 
1. Represent. Complete a momentum-impulse chart for the system of the block. How much 

momentum did the system lose? 
 
 
 
 
 
2. Reason. Are there any important interactions between the system objects and the external environment? How does this 

help to explain the loss of momentum?  
 
 
 
 
 
The Momentum Rule: The momentum of a system is conserved when the net force the system experiences is zero.  

 
The total momentum of a system can change if the system experiences a net force from its environment (objects outside the 

system). This change, also known as the impulse, is related to the net force and the amount of time the force acts. 
tFJp netsystem ∆==∆

  

 
3. Represent. Draw a force diagram for the system of the block. Write an expression for the net 

force. 
 
 
 
4. Predict. Consider the force responsible for slowing the block. What is the other force in a 3rd 

law pair with that force? Use that other force to help you guess where the block’s momentum 
went. Make a guess and move on! 

 
 
 
 
 
B: The Block on a Track 
The block is moving at 1.5 m/s, just like before, and is gently lowered on to 
a level track that is supported on wheels and is free to move (no friction). 
The track has a mass of 2.3 kg and is initially at rest. 
 
1. Predict. What will happen after the block is released? 
 
 
 
 
2. Test and Observe. Use the equipment at the front of the class to test our two predictions. Describe how your 

observations help to confirm your predictions 
 
 
 
 

Recorder: __________________ 
Manager: __________________ 
Speaker:   _________________ 
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3. Represent and Reason. Complete a momentum-impulse bar chart for the block-track system. 
What is the net force on the block-track system? Explain. 

 
 
 
 
4. Calculate.  What is the final velocity of the track?  
 
 
 
 
 
 
5. Reason. What type of collision is this? Explain. 
 
 
 
6. Reason. Imagine the mass of the track was increased enormously to equal that of the earth. Describe what would be 

different. 
 
 
 
C: The Process of a Collision 
Collisions often occur very quickly and we don’t usually notice what is actually happening during a collision. In this 
example, cart A (1.0 kg) collided with a smaller cart B (0.5 kg) using an uncompressed spring. The velocity of each cart was 
recorded at 9 moments in time and used to calculate the momentum and kinetic energy. A third line on each graph represents 
the total momentum and total kinetic energy of the system of two carts. 
  

Initial 
 
 
 
 

Final 

 
1. Represent. Draw a vertical line on each graph labelled “A” to 

indicate the moment in time when the collision begins and one 
labelled “C” to indicate when the collision ends. What is the 
duration of the collision? 

 
 
2. Reason. What would we observe about the spring at moments 

“A” and “C”? 
 
 
 

3. Find a Pattern. Draw a force diagram for each cart 
during the collision. Compare the impulse and 
average net force experienced by each cart during 
the collision. Explain any patterns you observe.  
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The Idea of Conservation: A conserved quantity is one whose total for a system remains the same at every moment in time.  
 
4. Reason. Carefully study the graphs showing the total 

momentum and total kinetic energy of the system. Ignoring 
the small losses due to friction, which of these quantities is 
a conserved quantity? Explain. 

 
 
 
 
 
 
5. Reason. Notice how the total kinetic energy dips down 

during the collision. This indicates a transfer of energy. 
Where has is been transferred to? 

 
 
 
 
 
6. Represent. Draw a vertical line on each graph labelled “B” to indicate the moment in time when the spring was at its 

maximum compression. Approximately how much energy was stored in the spring at this moment? 
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SPH4U: 2-D Momentum Homework   Name: 
 
A typical problem involving the conservation of momentum in 2-D is often challenging, but usually due to lack of 
organization and careless mistakes. Follow the solution format and these following suggestions carefully! Note that parts B 
and C have been omitted here, but continue to do them whenever you can. 
 
Problem 
Two hover pucks glide towards each other, collide and then glide away. Puck A (5.0 kg) was initially travelling at 2.0 m/s [E 
25o N]. Puck B (3.0 kg) was initially travelling at 4.0 m/s [E 30o S]. After the collision, puck A travelled at 1.6 m/s [E 30o S]. 
Determine the velocity of Puck B after the collision. 
 
A: Pictorial Representation 
Sketch showing “before” and “after”, coordinate system, label given information, conversions, unknowns, key events 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
D: Mathematical Representation 
Complete equations, describe steps, algebraic work, substitutions with units, final statement 
 
Use the conservation of momentum to find the x-component of the velocity of puck B after the collision: 
 

mava1x +  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E: Evaluation  
Answer has reasonable size, direction and units?  
 
 
 
 
 

vA1x =  vA1y =  

vB1x =  vB1y =  

vA2x =  vA2y =  

vB2x =  vB2y =  
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SPH4U: Momentum in 2-D 
 
Momentum is a vector quantity and the Law of Conservation of Momentum is a 
vector equation. An object’s momentum can be broken up into components and 
so can the law, meaning that momentum is conserved in each component 
direction. 
 
A: The Collision 
Consider a simple example where a small, fast moving mass (ma = 2.0 kg) collides with a large stationary mass (mb = 4.0 kg). 
Friction is small enough to be negligible. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
1. Predict. Use you intuition to predict the direction mb will travel after the collision. Draw a vector arrow in the diagram to 

show this. Briefly explain your reasoning. Do this quickly and move on! 
 
 
 
 
 
2. Solve. For simplicity we choose a coordinate system that lines up with va1. Determine the x- and y-components of all the 

known velocities. Record these in the table above. Indicate which components are unknown. Show your work and be 
sure to use the sign convention! 

 
B: The x-Momentum 
1. Solve. Find the x-components of all the three momentum vectors we have velocities for. Show your work. 

pa1x =     pb1x =    pa2x =    

    

2. Represent. Draw a bar in the momentum bar chart for the three x-momenta you 
calculated above.  

 
3. Reason. Are there any external forces acting on the system of two pucks? Does the 

system experience a net force from its environment? Will momentum be conserved? 
 
 
 
 
 
4. Predict. Draw a fourth bar in the momentum bar chart that represents the x-momentum of puck B after the collision. 

Explain your prediction.  
 
 
 
5. Represent. Write an equation showing the relationship between the four momentum values in the bar chart. Use the 

symbols in the bar chart. 
 

va1x =  va1y =  

vb1x =  vb1y =  

va2x =  va2y =  
ma 

va1 = 6.0 m/s 

va2 = 2.0 m/s 

mb 
vb1 = 0 

60o 

E
x 

N    y 
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Since there is no net force in the x-direction, the x-momentum is conserved and: pa1x + pb1x = pa2x + pb2x 

 
6. Solve. Use your new equation to explicitly solve for pb2x. 
 
 
 
 
7. Reason. Isaac remarks that the magnitude of pb2x is quite large compared with the other components. “It must be going 

really fast.” Do you agree or disagree? Explain. 
 
 
 
 
C: The y-Momentum  
1. Solve. Find the y-components of all the three momentum vectors we have velocities for. Show your work. 

pa1y =     pb1y =    pa2y =     

   

2. Represent. Draw a bar in the momentum bar chart for the three y-momenta you 
calculated above.  

 
3. Predict. Draw a fourth bar in the momentum bar chart that represents the y-

momentum of puck B after the collision. Explain your prediction without math.  
 
 
 
 
 
Since there is no net force in the y-direction, the y-momentum is conserved and: pa1y + pb1y = pa2y + pb2y 

 
3. Solve. Use the conservation of momentum in the y-direction to explicitly solve for pb2y. 
 
 
 
 
4. Reason. Looking back at your work so far, why was it helpful to choose a coordinate system that lined up with va1? 
 
 
 
D: The Final Result 
1. Explain. Describe how we can use the results found so far to find the missing momentum 2bp . 
 
 
 
2. Solve. Find the momentum vector 2bp . Be sure to draw the component triangle. 
 
 
 
 
 
3. Solve and Test. Find 2bv . Compare this with your prediction and the simulation, if possible. 
 
 
 
4. Summarize. What does it mean to say, “Momentum is conserved in two dimensions”?  
 

pa1y   pb1y      Jy    pa2y   pb2y    

+ 
 
0 
 
- 
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SPH4U: 2-D Collisions 
 
The collision on the next page has had the path of one object removed! Your 
challenge is to reconstruct the path. Examine the collision and read the details 
describing it, then follow the steps below. 
 
1. Observe. Label the points where the collision appears to begin and end. Explain how you can tell. 
 
 
 
2. Reason. Marie says, “Let’s choose a coordinate system that lines up with the page – that will be the most helpful.” 

Emmy says, “I think we should choose one that lines up with the initial velocity of puck A. That will be easiest.” Who 
do you agree with? Explain. 

 
 
 
 
3. Reason. Isaac says, “Let’s use units of cm/s with our calculations – that will be convenient.” Albert says, “Hmm … 

maybe we should use m/s, even though the numbers will be very small – they are S.I. units.” Who do you agree with? 
Explain. 

 
 
 
 
4. Observe and Calculate. Write an equation for the conservation of momentum in the x-direction where vb2x is the 

unknown. Make the necessary measurements from the first page and record these in the chart. Solve the equation for vb2x. 
Note: the equation will simplify. Explain why. 

 
 
 
 
 
 
 
5. Observe and Calculate. Write an equation for the conservation of momentum in the y-direction where vb2y is the 

unknown. Make the necessary measurements from the first page and record these in the chart. Solve the equation for vb2y. 
 
 
 
 
 
 
 
6. Calculate and Test. Determine the vector 2bv . Draw the vector beginning at the circle under the “B”.  
 
 
 
 
 
 
 
 

** Check this with your teacher! ** 
 
 
7. Calculate and Reason. Use kinetic energy calculations to help explain what type of collision this is. 

Recorder: __________________ 
Manager: __________________ 
Speaker:   _________________ 
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SPH4U: Experimenting with a 2-D Collision 
 
A: Experimental Ideas 
Your task is to verify whether momentum is conserved during a Y-shaped two-
dimensional collision between two hover pucks. You will need to devise a 
technique to determine the 2-D velocities of the pucks before and after the collision. You are welcome to 
use the standard classroom equipment.  
 
1. (15 minutes) On your whiteboard, quickly outline an experiment that would allow you to measure the 

velocities of the two pucks before and after the collision. For ideas on what to consider, look at the list 
of headings in part B below.  

 
2. Present to the class your experimental proposal. Don’t worry if it’s not complete, the purpose is to 

share ideas and find the best ones for your experiment. 
 
B: Experimental Design 
 
1. Based on ideas from the presentations, write a point-form description of the method you will use to determine the 

velocities. Draw a labeled sketch. 
Method & Sketch 
 
 
 
 
 
 
 

 
2. Write the physical quantities you will measure and the physical quantities you will calculate. 
measured: 
 
 
 
calculated: 
 
 
 
 
3. Write the mathematical procedure you will use to verify whether momentum was conserved during the collision. 
 
 
 
 
 
 
 
 
 
 
 
4. List any assumptions or simplifications. 

Recorder: __________________ 
Manager: __________________ 
Speaker:   _________________ 
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5. List sources of experimental uncertainty and how to minimize them. 
 
 
 
 
 
 
 
 
6. Perform the experiment and complete your verification. Use your estimated errors to comment on the success of your 

experiment. 
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SPH4U: Work and Kinetic Energy  
 
How can the energy of a system change? When an external force acts on a 
system while a system object moves through a displacement, energy flows into 
or out of the system. This process is called work and the amount of work done 
(or energy that has flowed) due to the force can be found from the equation: W = |F||∆d|cosθ, where θ is the angle between 
the force and displacement vectors.  
 
A: The Flow of Energy 
Let’s examine a collision between a large cart, cart A (1.0 kg) and a small cart, cart B (500 g) on a frictionless track. Cart B is 
initially at rest and they collide magnetically. 
 
1. Observe.  Describe what happens to the motion of each cart as a result of the collision. 
 
 
 
2. Reason.  Which object has gained energy? Which has lost energy? Is energy lost to the environment? 
 
 
 
 
3. Represent. Moments 1 and 2 occur at the beginning and end of the collision. Follow the instructions and complete the 

chart below for the system of cart A and then for the system of cart B. 
(a) Draw a vector arrow for the displacement of the cart and the force acting on the cart during the collision. 
(b) Complete a motion diagram for the cart between moments 1 and 2. Describe its motion: is the cart speeding up, 

slowing down, or moving with a constant speed? 
(c) What is happening to the energy of the system of the cart? Draw an energy flow diagram for the system of the cart.  
(d) According to the equation for work, is the work done by this force positive, negative or zero? Record this under 

“Type of Work”. 
(e) Complete the work-energy bar chart for the system of the cart. 

 
An energy-flow diagram is similar to an interaction diagram, but with one difference: we only draw the lines connecting 
objects if there is a flow of energy between them. If there is an energy flow, we add an arrow showing the flow to the line. 
 
A work-energy bar chart represents the energies present in a system at two moments in time. If the total energy of the system 
changes, we include the work done by external forces. The heights of the bars in the graph do not need to be exact – we draw 
this chart before we make any calculations. What is important is that bars illustrate the correct ideas. 
 
 

 

 

System = Cart A 
 

Displacement of cart Motion Diagram Energy-Flow Diagram 
 

Work-Energy Bar Chart 

 

Type of Work Force of B on A Description of Motion 

System = Cart B 
 

Displacement of cart Motion Diagram Energy-Flow Diagram 
 

Work-Energy Bar Chart 

 

Type of Work Force of A on B Description of Motion 

Ek1  Wext Ek2    

+ 
 
0 
 
- 

Ek1  Wext Ek2    

+ 
 
0 
 
- 
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4. Reason. Earlier, you intuitively decided that the gravity and the normal force do not cause energy to flow into or out of 
the system. Use the definition of work to help explain why your hunch was correct. (Hint: θ) 

 
 
 
 
5. Reason. Does the result of the work equation depend on your choice of sign convention? Is work a scalar or vector 

quantity? Explain. 
 
 
 
 
B: Work from Multiple Forces 
1. Represent. In a new experiment, two hands push horizontally on the same cart. Hand 1 pushes to the left on the cart and 

Hand 2 pushes to the right. The cart is moving to the right and is now speeding up. 
(a) Draw a motion diagram for the cart. 
(b) Draw a complete force diagram for the system of the cart. 
(d) Decide whether the work done by each force is positive, negative, or zero. Indicate this by writing a +, –, or 0 along 
side the force vector. 
(e) Draw an energy-flow diagram for the cart 
(f) Is the net work on the system above positive, negative or zero?  
 

Motion Diagram Force Diagram Energy-Flow Diagram Net Work 

 
When a system has multiple interactions with its environment it may gain or lose energy due to a number of forces. The total 
change in energy of the system is the net work. The net work can be found in two different ways: by adding up the work from 
the individual forces or by finding the work due to the net force. 

Wnet = ΣW= W1 + W2 + … or  Wnet = |Fnet||∆d|cosθ 
A system that experiences a net force will accelerate and gain or lose kinetic energy. This idea is called the net work - kinetic 
energy theorem, Wnet = ∆Ek. This theorem is closely related to Newton’s 2nd Law. 
 
2. Represent. Two hands continue to push on opposite ends of the cart, but with different magnitudes than before. For each 

situation, complete the chart below like in question #1 above. 

 

 
4. Summarize.  What is the physical significance of positive, negative and zero net work? What happens to the system? 
 

 
 
 

Description 
 

The cart is moving to 
the left and is slowing 

down. 

Motion Diagram Force Diagram Energy-Flow Diagram Net Work 

Description 
 

One hand is not 
pushing at a 30o angle 

downwards. The cart is 
moving to the left with 

a constant speed. 

Motion Diagram Force Diagram Energy-Flow Diagram Net Work 
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SPH4U: Working the Angles 
 
Energy can be transferred into or out of a system due to the effects of an external 
force acting on the system – we call this a flow of energy. Let’s track this flow and 
decide what happens to the system. You will need a spring scale (5 N or 10 N), a 
dynamics cart, a smooth surface, lots of mass (2 or 3 kg), and a protractor. 
 
1. Observe and Describe. Add lots of mass to your dynamics cart and practice pulling it approximately 0.5 m with a small, 

constant rate of acceleration. Repeat until you are good at it! Is any energy being transferred in this situation? Explain. 
 
 
 
An energy flow diagram consists of a circle that represents the boundary of the system. Listed inside that circle are the 
system objects. Listed outside the circle are objects from the environment that interact with the system. Arrows crossing in or 
out of the system show the flow of energy due to an interaction with an external object. 
 
2. Represent. Draw an energy flow diagram for this system.  
 
The amount of energy transferred due to a force is called the work and is related to the external 
force acting on the system and the displacement of the system. When a single, unbalanced 
force does work on a system, the kinetic energy of the system will change.  
 
A provisional definition of work based on the ideas above is: W = F⋅∆d 
 
1. Observe and Test. Let’s test our provisional definition of work by making measurements 

with the cart. Pull the cart just as described in question #1. Be sure the hold the spring scale horizontally. Record the 
magnitude of force and the distance traveled in the chart below. Calculate the work done on the cart.  

 
F1 =  ∆d1 =  W1= 

 
2. Observe and Test. Repeat the measurement, except pull on the cart with an angle 30o above the horizontal. Try to give 

the cart the same acceleration as before! Record the magnitude of force and the distance traveled in the chart below. 
Calculate the work done on the cart. 

 
F2 =  ∆d2 =  W2= 

 
3. Evaluate. Judging by your observations, how do the kinetic energies of the cart compare in each situation? Judging 

based on your calculations, how do amounts of work compare? Is our provisional definition of work valid? Explain. 
 
 
 
 
 
 
4. Reason. We must decide how to modify our definition of work. For a given force, at what angle θ  between the force and 

the direction of motion would the work be a maximum? A minimum? (in absolute values!) Sketch these situations. At 
what angle is the cosine function a maximum? A minimum? (in absolute values!) 

 
 
 
 
5. Reason. Modify the simplistic expression, W = F∆d, to incorporate what you have learned about angles. Draw a diagram 

showing the two important vectors, displacement and force, and the angleθ .  
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SPH4U: Energy and Frames of Reference 
 
Gravitational energy is a special kind of energy that depends on an object’s 
vertical position. But what happens when two different observers choose a 
different vertical origin for their measurements? Let’s find out! 
 
On a hot day, you look out a third story window and hold in your hands a 2.0 kg water balloon (a big one!). Your friend 
walks below the window, not noticing you 10 meters above her. You release the water balloon. We will analyze what 
happens next from the frame of reference of you and also of your friend. 
 
A: Your Frame 
You set your vertical origin at your hand. Calculate the energies involved. Use a kinematics calculation to help find v2. 
Add up the total energies at each moment. Complete the work-energy bar chart for the earth-balloon system. 
 

Sketch 

 

Gravitational Energy 
 
Eg1 =  
 
 
 
 
Eg2 =  

Kinetic Energy 
 
Ek1 =  
 
 
 
 
 
 
Ek2 =  

Total Energy 
 
ET1 =  
 
 
 
 
ET2 =  

Work-Energy Bar Chart 
 

 

 
B: Your Friend’s Frame 
In your friend’s frame we set the vertical origin at her head. Calculate the energies involved. Use a kinematics calculation 
to help find v2. Add up the total energies at each moment. Complete the work-energy bar chart. 
 

Sketch 

 

Potential Energy 
 
Eg1 =  
 
 
 
 
Eg2 =  

Kinetic Energy 
 
Ek1 =  
 
 
 
 
 
 
Ek2 =  

Total Energy 
 
ET1 =  
 
 
 
 
ET2 =  

Work-Energy Bar Chart 
 

 

 
C: Thinking About Energy 
1. Reason. What does each observer conclude about the total energy of the system? Explain.  
 
 
 
 
2. Reason.  The two observers do not agree on the total energies, but this is not a problem. What is important in physics are 

energy changes. What does each observer conclude about the amount of energy that transfers from gravitational to 
kinetic within the system? Explain. 

 
 

 
 
 
 

Ek1   Eg1 Wext Ek2   Eg2   

+ 
 
0 
 
- 

y 

y1 = 10.0 m 
v1 = 0 

y2 = 0 
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+ 
 
0 
 
- 

y 

y1 = 0 
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y2 = - 10.0 m 
v2 < 0 
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SPH4U: Transfers of Energy  
 
Nobody really knows what energy is, but we do know how it behaves. Energy is 
a quantity that can be transferred between systems and which can be used to 
predict whether some event may occur. By carefully keeping track of where the 
energy is located, or stored, we can construct equations to help with our predictions. 
 
A: An Energetic Example 
Your teacher has a ramp set up at the front of the class. A block is on top of a cart that will be released and glide down an 
inclined track. The cart will collide with a barrier and stop. The block slides across another track until it comes to a stop. 
Your challenge is to predict how far your block will slide along the bottom track surface. 
  
1. Reason. Which objects interact with the block? 
 
 
 
 
 
2. Reason. There are three important events in this situation. 

Describe them here and label them on the diagram. 
 
 
 
 
 
 

To understand the role of energy in a problem, we need to choose a system, or a collection of objects, whose energies we will 
track. We have a freedom to choose any objects as our system and, if we do our work properly, everyone should always 
agree on the final answer. Once the system is chosen, we can describe any interactions as internal or external. Internal 
interactions should be described with energies, external interactions using work. Often, interactions are easier to describe 
using energy, so if possible, include those objects in the system. Friction effects are best described using work, so we usually 
keep objects like the ground surface, roads, and tracks outside the system. 

 
3. Reason. Based on the advice above, chose your system. Draw an energy-flow 

diagram for the system for the process between moments 1 and 2. Do the same 
for the process between moments 2 and 3. 

 
System =  

 
 
The law of the conservation of energy states that the total energy of a system remains constant unless energy flows into or out 
of the system. This flow of energy can be due to the work done by an external force. The total energy of the system and its 
changes may be expressed by a work-energy equation: ET1 + Wext = ET2.  
 
4. Reason. What is a convenient position for the vertical origin in the situation? Explain how you chose it and label it in the 

diagram above. 
 
 
 
 
 
 
5. Represent. Complete a work-energy bar chart for moments 1 

and 2. Complete a work-energy bar chart for moments 2 and 
3. 
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6. Represent. The bar charts help you to write the work-energy equations for the system comparing the two moments in 
time. Do this using the same symbols as in the chart. 

 
 
 
 
 
 
7. Explain. When you practice problems like this in your homework, part C asks for a word explanation. Let’s practice: 

describe the motion of the system and use energy transfers and work to explain why it moves the way it does. 
 
 
 
 
 
 
8. Measure. Choose a block for your group. Make the measurements you think will be necessary to find all the energies 

and work. Record these in your diagram above. 
 
9. Predict. Use your work-energy equations to predict the sliding distance of the block. Write this up as you would part D 

of your homework solutions. 
 

Describe steps, complete equations, algebraically isolate, substitutions with units, final statement 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10. Evaluate. Is your answer reasonable? Explain why you think so before you test it! 
 
 
 
 
 
11. Test. Ask your teacher to watch you test your prediction. Note: the collision of the bottom adds some extra randomness 

into things, so you might want to try it a few times to see how it compares. 
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SPH4U: Transfers of Energy Homework   Name:  
 

1. Represent. Each row in the chart below gives multiple representations of one situation. Complete the missing parts for 
each row – come up with new and interesting situations where appropriate.  

 
Word Description Sketch of Initial and Final States Work-Energy Bar Chart 

and Equation 
(i) A stunt car has a spring-
powered ejector seat. When the 
spring is released, the seat with 
its passenger is launched out of 
the car and reaches a maximum 
height y2 above its starting 
position. (The elastic energy 
stored in the compression ∆x of 
a spring is Ee) 

 

 
 
         System: 
 
         Equation: 

(ii) An elevator is initially 
moving downwards at speed v1. 
It approaches the ground floor 
and slows to a stop in a distance 
h. 

 

 
         System: 
 
         Equation: 

(iii)  

 
         System: 
 
         Equation: 

(iv)  

 
         System: 
 
         Equation: 

 
 
 
 

Ek1   Eg1  Ee1  Wext Ek2   Eg2   Ee2  Eth2 

+ 
 
0 
 
- 

Ek1   Eg1  Ee1  Wext Ek2   Eg2   Ee2  Eth2 

+ 
 
0 
 
- 

Ek1   Eg1  Ee1 Wext Ek2   Eg2   Ee2   

+ 
 
0 
 
- 

y 

0 

y1 > 0 
v1 < 0 

y2 = 0 
v2 = 0 

Ek1   Eg1  Ee1 Wext Ek2   Eg2   Ee2   

+ 
 
0 
 
- 

y 

0 
 y1 = 0 
 v1 = 0 
∆x > 0 

 y2 > 0 
 v2 = 0 
∆x = 0 

Adapted from The Physics Active Learning Guide by A. Van Heuvelen, Pearson, 2006 
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SPH4U: Amusement Park Physics 
 
In all these problems, unless you are told otherwise, assume that the rollercoaster cars start from rest and that there is no 
friction. These roller coasters are the exciting old fashioned kind that are not fastened to the track. This means that they could 
actually fall off a loop-the-loop or a steep downwards hill! For each problem begin by completing a work-energy bar chart. 
 
1. The diagram shows a design for the first two hills of a rollercoaster. A real rollercoaster will have friction acting on it. 

This force of friction would be quite complicated but we will make a very handy simplification. Assume that the force of 
friction is a constant value of 300 N, regardless of the occupants of the cars, the angle of incline of the track or the 
coaster’s acceleration. The mass of the cars is 1000 kg. Find the velocity of the car at point B, where B is 150 m 
downtrack. (vb = 22 m/s) 

 
 
 
 
 
 
 
 
 
 
 
 
2. The diagram shows the first two hills of a rollercoaster. What is the maximum starting height, h, so that the rollercoaster 

does not leave the track at the top of the circular hill? Hint: It is not 10 m! and when the car is about to leave the track Fn 
= 0. (h1 = 12.5 m) 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. The diagram shows a circular loop-the-loop. The Magnum XL-200 is one of the world’s fastest roller coasters with a 
starting drop of 59.4 m. Determine the maximum possible radius for the first loop such that the car does not fall from the 
track! (r = 23.6 m) 

 
 
 
 
 
 
 
 
 
 
 

 
 
Super Challenging Bonus: 
A rollercoaster designer had the swell idea of designing a death-defying circular first drop 
to a roller coaster, hoping that the cars would plunge almost straight down before the 
curve at the bottom. What they found, however, was that the cars would leave the track 
and go flying like a projectile. At what angle θ does the car fly off the track? (θ = 48.2o) 

A 

B 

C 

h1=50 m 

h2 = 5 m h3 = 20 m 

h1 = ? 
h2 = 10 m 

h = 59.4 
m R = ? 

R 

R 
θ 
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+ 
 
0 
 
- 

Ek1   Eg1 Wext Ek2   Eg2   

+ 
 
0 
 
- 

Ek1   Eg1 Wext Ek2   Eg2   

+ 
 
0 
 
- 
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SPH4U: Rollercoasters and Energy! 
 
Your challenge today is to determine the lowest starting position of a 
rollercoaster car such that when it is released, it can make it through a loop-the-
loop! The real rollercoaster is modeled by the car and track at the front of the 
room. This is a very complicated situation, largely due to the friction that we must account for, and we will be making a 
number of simplifying assumptions to help us do this. 
 
A: The Track 
The model track is shown in the diagram to the 
right with two important moments in time 
indicated. 
 
1. Measure. There are a number of key 

quantities which will be important in solving 
this problem. Take a few moments to decide 
what to measure and label the diagram above 
with the results.  

 
2. Measure. Your teacher will give you the 

amount of energy lost due to friction between 
moments 1 and 2. 

 
3. Reason. Are there any other simplifying 

assumptions we should make or have already 
made? 

 
 
 
 
B: Energy Transfers 
The rollercoaster car will be released from rest at moment 1 and needs to make it around the loop, successfully traversing the 
top at moment 2. As we begin to consider energy, we need to carefully define the system involved.  
 
1. Reason. What objects interact with the car as it travels between moment 1 and 2? Based on this, define your system. 

Which forces experienced by the car will be internal and external? 
 
 
 
 
2. Predict.  Roughly speaking, how high should the starting height be compared with the top of the loop? Explain. 
 
 
 
 
3. Represent. Draw an energy flow diagram for your system. Construct a work-energy bar chart for this system at moments 

1 and 2. Use the chart to help write a work-energy equation using the symbols in the bar chart. Label the bars in your 
chart. 

 
 
 

+ 
 
0 
 
- 

1 
●  2 

● 

Work-energy equation: 
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C: Solving the Problem 
1. Reason. Circular motion and forces are a key part of this problem. Explain how we can find the minimum speed of the 

car at moment 2 such that it just makes it through the loop. (Think about what that means: to just make it through the 
loop. It’s about to …) Use appropriate diagrams and equations to find an algebraic expression for the speed at moment 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
2. Calculate. Which individual energies can we calculate right away? Find these values (normally we keep the algebra 

right to the end, but in some problems that just gets too messy). Show your work in the chart below. 
 
 
 
 
 
 
 
 
 
 
 
3. Predict. Put all the pieces of the work-energy equation together and predict the starting height.  
 
 
 
 
 
 
 
 
 
 
 
 
4. Test.  Try this out! Have your teacher witness your test. How could you tell that you found the minimum starting height 

that would work? 
 
 
 
 
5. Reason. Compare your result with an idealized no friction case. Based on this result, does your answer for the friction 

case seem reasonable? 
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SPH4U: The Ballistics Pendulum 
 
Here’s a problem for you: how can you determine the speed of a bullet using 
only measurements of mass and distance? The answer was found in 1742 by the 
English mathematician Benjamin Robbins using his invention, the ballistics 
pendulum. Now it’s your turn to repeat his clever work – but since guns are frowned upon in schools, you will launch a blob 
of play-doh at our ballistics pendulum.  
 
A: Pictorial Representation 
Sketch with “before” and “after”, coordinate system, label givens & unknowns, conversions, events 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B: Physics Representation 
Energy / momentum bar chart, flow diagram, events 
 
 

 
 
 
C: Word Representation 
Describe motion, energy / momentum transfers. Assumptions 
 
Moments 1-2: 
 
 
 
 
 
Moments 2-3: 
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Hint: There are three 
important events in this 
problem (not including 
the throw). You may 
assume that its velocity 
does not change much 
while traveling through 
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D: Mathematical Representation 
Describe steps, complete equations, algebraically isolate, substitutions with units, final statement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E: Evaluation  
Answer has reasonable size, direction and units?  
 
 
 

Now try out the pendulum 
and make your 
measurements. Record 
these values in your sketch 
for part A. 
 
Hint: Make sure you 
consider the geometry of 
the swing carefully!  
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SPH4U: Spring Force and Energy 
 
How does the force exerted by a spring change as we stretch it? How much 
energy is stored in the spring? In this investigation we will find out. 
 
A: Force and Springs 
A few things about springs: Don’t overstretch springs – they can be permanently deformed and damaged. The position of the 
end of a spring experiencing no other forces, whether oriented horizontally or vertically, is called the equilibrium position. 
Physics springs have no mass.  
 
1. Explain. Describe an experiment to determine the relationship between the amount of stretch in a spring and the force 

the spring exerts. A good experiment will feature many data points to reduce errors and consistent intervals to help find 
patterns. 

 
 
 
 
 
 
2. Represent. Draw a sketch of your experiment showing the measurements involved. 
 
 
 
 
 
 
 
3. Observe. Conduct your experiment and make your measurements. 

 
  

  

  

  

  

  

  

 
4. Represent. Plot a graph that shows the relationship between your variables. (Which is the dependant?)  
 
5. Interpret.  Use appropriate techniques to analyze the relationship in the graph. (Always show units!) 
 
 
 
 
6. Represent. Construct an equation using the symbols Fspring (the force the spring exerts), Δx (the stretch of the spring) and 

k the spring constant. 
 
 
7. Predict and Test. You will hang a 1.0 kg object from your spring. Predict the amount of stretch that will result. Test 

your prediction. 
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8. Interpret. What does the value of the spring constant tell us about the spring itself? What would a large value indicate? 
What would a small value indicate? 

 
 
 
 
The relationship found above was first discovered by Robert Hooke around 1660. Within a certain range of stretch or 
compression most springs behave according to Hooke’s Law. Note that the direction of the force the spring exerts is opposite 
to the direction of the stretch it experiences.  
 
Official version:      Magnitude only: 
 
 
B: Energy and Springs 
1. Reason. Why do we believe there is a flow of energy when we stretch a spring? Describe this flow. 
 
 
 
2. Reason. Emmy is discussing how to measure the energy transferred while she stretched the spring. “I measured a force 

of 2.1 N when the spring had 20 cm of stretch and a force of 3.3 N when it had 30 cm of stretch. I moved it by 10 cm so 
the work I did is W = (2.1 N)(0.10 m).” Do you agree or disagree with Emmy? 

 
 
 
 
 
3. Reason. Albert joins in the discussion. “But the force gets bigger as you stretch it, so we have to use the bigger value. 

The work will be (3.3 N)(0.10m).” Do you agree or disagree with Emmy? 
 
 
 
 
 
4. Reason. Both Albert and Emmy were wrong! The force is changing in a steady way when the spring is stretched from 

20 to 30 cm. What single value of force would be best to use in our work equation? How much work did Emmy actually 
do? 

 
 
 
** check your answer with your teacher ** 
 
5. Calculate. Complete the chart below. Calculate the work done during each increment of stretch based on your force 

data from earlier. The “Increment of Stretch” is the extra distance the spring was stretched between one force 
measurement and the next. If you’re not sure, try two rows and call your teacher over. 
 
Total Stretch (m) Force (N)  Increment of stretch 

(m) 
Average force during 
increment (N) 

Work done during 
increment (J) 

  0   
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6. Calculate. Now you are ready to calculate the total work done to stretch a spring from its equilibrium position to each 
displacement. To do this, consider that the work to displace the spring to 0.20 m is equal the work to go from 0 to 0.10 
m plus the work to go from 0.10 to 0.20 m. Complete the chart to the right and plot a graph of total work vs. 
displacement. 

 
 
 
 
Work can be found by calculating the area under a force-displacement graph. This is especially helpful for changing 
forces. 
 

7. Calculate. Find the work needed to stretch the spring to a displacement of 0.40 m by computing the area under the Fappx 
vs. Δx graph you created earlier. Does this agree with the result in your chart above? 

 
 
 
 
8. Speculate. Create an equation that relates W and Δx. Hint: Consider how you computed the area to get the work. You 

may be guessing that this is indeed related to an integral! 
 
 
 
 

9. Predict. Use your new equation to predict the launch speed of a dynamics cart that is launched by a compressed spring. 
You will find the equipment at the front of the class. Show all your work below. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
10.  Test. Use the motion detector. Does the measured value agree with your prediction? 

 
 
 
 
 
 

Displacement from 
equilibrium (m) 

Total Work (J) 
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