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The accident reconstruction unit is based on the premise that a mathematical 

model is useful in determining who was at fault in a car accident. In most cases, 

we know the final conditions of the system and will use models to determine the 

state of the system at an earlier time. In the final project, you will play the role of 

accident reconstruction experts, and use evidence from your mathematical 

modeling of the car accident to determine who was at fault. 
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Reading: Accident Reconstruction 
Have you ever witnessed a car accident on the highway? As you drive by, you can see the 

final resting places of the vehicles involved. If you are curious, you may wonder what happened, 

and how they ended up there. We can make observations about the accident, such as the location 

of the cars, the extent of the damage to the vehicles, whether or not the guardrail has been 

damaged, or whether there are indications of fire. These clues, collected after the collision, can 

help an accident investigator to work backwards and determine how the accident occurred. A 

good investigator can often determine how fast the vehicles were moving and what direction they 

were moving when they collided.  

In this unit, you will be acting as the accident investigator to figure out who was at fault 

in a collision. The study of collisions is one of the oldest areas of physics, dating back to Galileo 

and Newton. Obviously, they weren’t studying car crashes, but the physics is the same whenever 

two objects collide. The job of the accident investigator is complex, so we will study each part of 

the accident individually and then put it all together at the end of the unit to determine who was 

at fault in the collision.  

Our goal is to develop a mathematical model to describe the accident scenario. Unlike 

our previous models, which were designed to make predictions about what will happen in the 

future, this one will take the end result and work backwards to determine the initial conditions. 

Let’s start by breaking down the problem into parts that we can investigate: 

Before the collision: Vehicles travel down the road with a particular velocity, perhaps 

accelerating or braking. Assuming the vehicles undergo constant acceleration, we already 

know how to model this kind of motion using the kinematics equations.  

During the collision: As the vehicles collide, the impact causes them to change their 

velocities. They could change the magnitude of their velocity (speed) and the direction 

they are travelling. We’ll need a way to predict these changes in velocity.  We’ll describe 

these interactions using forces and momentum.  

After the collision: After the vehicles collide, they will eventually skid to a stop. One way 

to think about this is that the vehicle is losing energy. Why does this happened? Because 

there is friction between the car and the road. To model this, we’ll develop a new way to 

think about energy conservation that includes forces.  

As we work through the activities in this unit, we will work on building new 

mathematical models that will require us to define some new physical quantities. As always, the 

goal in building these mathematical models is that we are able to precisely quantify the changes 

in a system. The mathematical models that we will develop in this unit provide a way to 

understand the accident and build a quantitative argument for the judge.  
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Activity: Modeling an Explosion 
Two train cars are sitting at rest on a railway track at the depot. One of the cars is a tanker full of 

gasoline, and unfortunately explodes. Sitting next to the tanker is a boxcar full of cargo, which is 

much heavier than the now empty tanker car. After the explosion, the cars speed off down the 

track in opposite directions. 

How can we model this system? We want to develop a model that can both describe this system, 

and help us predict the speeds of the cars after the explosion.  We can also think of this as a 

strange collision, where the objects aren’t moving before they collide. So, this model could help 

us to start understanding something about collisions in general. We’ll start to build a model using 

the video analysis techniques that we learned in the first unit, and use the frictionless carts and 

tracks as a scale model of the train car disaster. 

• What factors do you think will influence the speed of the train cars after the explosion? 

 

 

• How would the situation be different if the cars were moving before the explosion? 

 

 

Procedure 

As a class, we’ll take data for several explosions involving carts of different masses. We’ll use 

the class data to look for patterns that will help us to determine a general rule for understanding 

explosions.  

1. Put the extra mass(es) in one or both carts and then find the total masses of each cart. The 

instructor will tell you how much mass to use.  

 

m1 = ___________________ kg  m2 = _______________ kg 

2. Arrange carts so that they are between two wooden blocks, as shown below. 

 

3. Push down on the button on one of the carts to release the spring and cause the “explosion.”  

4. Adjust the starting position until the carts hit the blocks at the same instant. This will give 

you a qualitative idea of the relative motion of the carts. 

a. Which cart moved farther? 

b. Which cart moved faster? Explain your reasoning. 

5. Take a video of the event using your smart phone.  



6   Accident Reconstruction: Student Reader

  
 

 

 Analysis 

1. Import your video into Capstone. 

2. Do a video analysis to make a position vs. time and velocity vs. time graph for each cart after 

the explosion. 

3. Estimate the velocity of each cart using your graphs. Which was greater? By how much? 

How does this compare to the relative masses? 

 

 

 

As a class we will compare the data collected by all groups and look for a pattern. Record the 

class data here: 

Group Mass 1 (kg) Velocity 1 (m/s) Mass 2 (kg) Velocity 2 (m/s) 

 

 

    

 

 

    

 

 

    

 

 

    

 

 

    

 

What patterns do you notice?  

 

 

 

 

How can we use this pattern to develop a model that helps us to predict the motion of the carts 

before or after the collision? 
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Reading: Conservation of Momentum 
Whenever two objects collide, they change their velocities. The simplest “collision” that 

we can study is actually an explosion, such as we saw with the train cars in our modeling 

activity. Initially, the cars are at rest, as shown below. After the collision, the bigger car goes to 

the left, and the smaller car goes off to the right. The smaller car has a higher speed than the 

more massive car. 

Before the explosion (both cars at rest): 

 

After the explosion: 

 

It is pretty easy to determine that the cart with smaller mass has a higher speed.  Through 

careful observations, we can find a pattern in the way the velocities are related to the masses of 

the objects. In the case above, the mass of the first cart times its speed is equal to the mass of the 

second cart times its speed.  We see this pattern repeat as we change the masses of the carts, 

which leads us to believe that this quantity of mass times velocity must be important. Isaac 

Newton recognized this and called this the “motion” of the car. We now refer to this quantity as 

momentum, which is defined as: 

�⃑� = 𝑚�⃑�   (1) 

Where �⃑� represents the momentum of an object, 𝑚 is the mass, and �⃑� is the velocity of the 

object. Note that momentum and velocity have the little arrows on top, which indicates that they 

are vector quantities. The fact that velocity is multiplied by a scalar (mass) means that 

momentum and velocity always point in the same direction. The standard unit used for 

momentum is kilograms-meters per second (kg-m/s). 

In the example above, the magnitudes of the carts’ momenta are equal, but because they 

are moving in opposite directions, the momenta would have opposite signs. We can write this 

mathematically as: 

�⃑�𝑓1 = −�⃑�𝑓2   (2) 

Where �⃑�𝑓1 is the final momentum (after the collision) of car 1 (the smaller car), and �⃑�𝑓2 is the 

final momentum of car 2 (the bigger car).  

We are trying to build a model that will relate the motion of the carts before the explosion 

to their motion after the collision.  Like we did in our energy model, we can compare the 
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momenta of the carts before the collision (initial momenta the momenta after the collision. In this 

case, the carts did not have any initial momentum because they were at rest, which gives us: 

0 = �⃑�𝑓1 + �⃑�𝑓2  (3) 

If we take our result from the experiment, as shown in equation (2), we can see that: 

0 = 𝑝𝑓1 + �⃑�𝑓2 = −𝑝𝑓2 + �⃑�𝑓2 = 0 

Where we have shown that the initial momentum of the system is equivalent to the final 

momentum of the system. More generally we could write: 

�⃑�𝑖,𝑠𝑦𝑠 = �⃑�𝑓,𝑠𝑦𝑠   (4) 

Where �⃑�𝑖,𝑠𝑦𝑠 represents the total intial momentum in the system and �⃑�𝑓,𝑠𝑦𝑠 represents the total 

final momentum it the system. This suggests that we have discovered a quantity that doesn’t 

change during a collision: the total momentum of the colliding objects.   

A careful study of more complicated collisions where the carts were moving before and 

after they collided would show that the equation (4) is true for all collisions.  For the case of two 

objects colliding it can also be written as follows: 

�⃑�𝑖1 + �⃑�𝑖2 = �⃑�𝑓1 + �⃑�𝑓2   (5) 

Similar to energy, we see a conservation law emerge; the total initial momentum is equal to the 

total final momentum. Equation (4) represents the Law of Momentum Conservation. 

Let’s rewrite equation (4) as a change in the total momentum of the system: 

�⃑�𝑓,𝑠𝑦𝑠 − �⃑�𝑖,𝑠𝑦𝑠 = 0 

Δ�⃑�𝑠𝑦𝑠 = 0  (6) 

This statement is true for an isolated (or closed) system that does not interact with the external 

environment. The above expression is another statement of the Law of Momentum 

Conservation. The total change in momentum for a system must be zero. In other words, the 

initial momentum is equal to the final momentum. 

Similar to energy conservation, momentum conservation tells us that the total momentum 

in the system will be the same before and after an interaction between two objects in the system 

(such as a collision or explosion). Like energy models, momentum models provide a way to 

track changes in a system. Unlike energy, momentum is a vector quantity, so it can let us predict 

the direction that objects will be moving, as well as their speed. Another difference is that there 

are not different forms of momentum. All momentum is defined as mass times velocity.  

However, there are some systems where the total momentum is not always conserved. 

Momentum is only conserved if there are no external forces acting on the system. For the case of 

a car accident, we typically define the system to include the two cars that collide. One vehicle 

causes the other vehicle to change its velocity during the collision; there are no external factors 

to consider during the brief instant of the collision.  

However, if we defined our system as just one of the cars, there is a change in momentum 

for the system including just that one car. We can write this mathematically using the change 

vector that we introduced back in the kinematics unit. The difference is that this time we’re 

looking at a change in momentum rather than a change in velocity: 
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�⃑�𝑖1 + Δ�⃑�1 = �⃑�𝑓1  (7) 

Where �⃑�𝑖1 is the initial momentum of the car, Δ�⃑�1 is the change in momentum of the car due to 

the forces acting on the car during the collision, and �⃑�𝑓1 is the momentum of the car after the 

collision. This change in momentum is called impulse, which is represented with the letter J. 

The units are the same as momentum: kg-m/s. 

Δ�⃑� = 𝐽   (8) 

This is called the Impulse-Momentum Theorem. 

 Above we argued that momentum conservation means that the total change in momentum 

for a system must be zero. This means that if one object has a change in momentum (because its 

velocity or direction changes) the other object involved in the collision must have an equal and 

opposite change in momentum.   

Δ�⃑�𝑠𝑦𝑠 = 0 

Δ�⃑�1 + Δ�⃑�2 = 0 

Δ�⃑�1 = −Δ�⃑�2 (9) 

 Let’s look at an example of how to use The Conservation of Momentum (eq. 4) and the 

Impulse Momentum Theorem (eq. 9) to predict the motion of a cart after it collides with another 

cart.  Cart A (𝑚 = 2 kg) collides with a stationary Cart B (𝑚 = 6 kg). Cart A initially moves 

right at 12 m/s and rebounds off of B to the left at 3 m/s. We can use momentum to find the final 

velocity of Carts B. 

Before the collision: 

 

After the collision: 

 

 

We can keep things organized with the chart below by drawing arrows (roughly to scale) 

for the momentum and the changes in momentum for each object and the system as a whole.  

Because momentum is conserved, we start by filling in a zero for the change in momentum of the 

system: 

𝑚𝐴𝑣𝐴                   +         𝑚𝐵𝑣𝐵                   =         𝑝𝑠𝑦𝑠 

A 
B 

A 
B ? 
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Units = 

kg m/s Car A (m = 2kg) Car B (m = 6kg) System (m = 8kg) 

ip     

p    0 

fp     

Then, we use equation (1) to find the initial momentum for A and B, and the final for A.  

Units = 

kg m/s Car A (m = 2kg) Car B (m = 6kg) System (m = 8kg) 

ip  24 right 0 24 right 

p    0 

fp  6 left   

 

Now, we can finish the chart using equation (8) to find the change in momentum for Car A. Then 

use equation (10) to find the change in momentum for Object B. This then allows us to solve for 

the final momentum of B. The System is the sum of A and B for each row. 

Units = 

kg m/s Car A (m = 2kg) Car B (m = 6kg) System (m = 8kg) 

ip  24 right 0 24 right 

p  30 left 30 right 0 

fp  6 left 30 right 24 right 

 

Note that the momentum of the system is conserved as a vector, and that the columns and rows 

sum as vectors.  Also note that the change in momentum for A is large because it changes 

direction.  The answer to the above problem is that the final velocity for B is: 

�⃑�𝑓𝐵 =
�⃑�𝑓𝐵

𝑚𝐵
=

30 kg m/s 

6 kg
= 5 m/s to the right  
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Modeling Accidents: Momentum 
Conservation of Momentum can be used to build a mathematical model of two objects colliding. 

In this unit we are focusing on car crashes, but momentum can be used to model any sort of 

collision. Momentum is defined as: 

�⃑� = 𝑚�⃑�   (1) 

Where �⃑� is the momentum, m is the mass of the object, and �⃑� is the velocity of the object. Note 

that momentum and velocity are both vectors, so we need to include their direction. The fact that 

they differ only by a scalar multiplier means they are always pointing in the same direction. 

Consider the collision below. 

1. An SUV with mass 1.80 x 103 kg is traveling eastbound at 25.0 m/s while a Honda Fit (a 

compact car) with mass 1.10 x 103 kg is traveling westbound at 15.0 m/s. Find the 

momentum of each car. Use the coordinate system in which east is positive and west is 

negative.  

 

 

Unfortunately, the SUV was traveling in the wrong lane and hits the Fit head on! When two cars 

collide, momentum is conserved for the system. This means that the initial momentum of the 

system equals the final momentum of the system: 

�⃑�𝑠𝑦𝑠,𝑖 = �⃑�𝑠𝑦𝑠,𝑓   (2) 

2. Use the conservation of momentum (Eq. 2) to write a mathematical model that describes the 

relationship between the initial and final velocities of the cars in this collision.  Your 

equation should be written in terms of the masses and velocities of each car. Be sure to use 

subscripts to keep track of things.  

 

 

 

3. In this case, the cars collide head on and become entangled. What does this tell us about the 

how the final velocities of the two cars compare to each other?? How does this simplify the 

problem? 

 

 

 

4. Use the equation you wrote in #2 and the assumption from #3 to find the speed of the 

entangled cars after the collision. 
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Earlier in the semester we talked about the change vector. For example, if you start at some 

initial velocity, then you change your velocity, you end up at a different final velocity. We can 

state this mathematically as: 

�⃑�𝑖 + Δ�⃑� = �⃑�𝑓   (3) 

We can also represent this idea visually by drawing vector diagrams. Remember to draw the 

vectors that are being adding together “tip to tail” and that the initial and final vectors must be 

drawn from the same origin, which I’ve drawn below as a dotted line. 

 

5. Find the change in the velocity of each car and draw a vector diagram (roughly to scale) to 

illustrate your calculation.  

 

 

 

6. Compare the velocity change vectors. Which car experienced a greater change in velocity? 

 

 

Now, we’re going to repeat this analysis using momentum. We can write the momentum change 

vector in the same way as we wrote the velocity change vector: 

�⃑�𝑖 + Δ�⃑� = �⃑�𝑓   (4) 

7. Use equation (4) to find the change in the momentum of each car and draw a vector diagram 

(to scale) to illustrate your calculation.  

 

 

 

8. Compare the momentum change vectors. Which car experienced a greater change in 

momentum?  

 

 

9. How does this calculation confirm or refute conservation of momentum for the system? 

 

10. This is a lot of information to keep track of. We can organize this information together in a 

table, as shown below.  

�⃑�𝑖 

�⃑�𝑓 

Δ𝑣ሬ⃑  
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a. Transcribe your calculations for the SUV and the Honda Fit into the first two columns 

of the table below.  

b. Sketch vectors that are approximately to scale to help visualize the change in 

momentum. 

c. Add the momentum for the SUV and the Honda Fit (across the first row) to find the 

total momentum in the system. 

d. Repeat for the change in momentum and final momentum. 

 SUV Honda Fit System 

𝑝𝑖  

 

  

Δ�⃑�  

 

  

𝑝𝑓  

 

  

 

The Principle of Conservation of Momentum allows us to make the assumption that the change 

in momentum for the system is zero. This assumption can help us to solve a variety of collision 

problems. However, note that the change in momentum for each car individually is definitely not 

zero (as shown above). Another example is given below. 

11. Car A with mass m = 6000 kg moves with an initial velocity of v = 30 m/s to the right. Car B 

with mass m = 2000 kg is initially at rest. After the collision A continues to move right, but 

slower, with v = 10 m/s.  

a. Use the information above to fill out the table. 

b. Find the final velocity of Car B after the collision. 

 Car A Car B System 

𝑝𝑖  

 

  

Δ�⃑�  

 

  

𝑝𝑓  

 

  

 

 



Accident Reconstruction: Student Reader  15 

 

Modeling Accidents: Momentum in Two 
Dimensions 
We saw in the last tutorial that Conservation of Momentum can be used to build a mathematical 

model of collisions in one-dimension. We can now extend that model to collisions in two-

dimensions. Recall that momentum is defined as: 

�⃑� = 𝑚�⃑�   (1) 

Where �⃑� is the momentum, m is the mass of the object, and �⃑� is the velocity of the object. To 

extend this definition to two dimensions, we can rewrite the horizontal and vertical components 

of momentum explicitly: 

𝑝𝑥 = 𝑚𝑣𝑥     𝑝𝑦 = 𝑚𝑣𝑦 

We can also write the momentum conservation laws out explicitly in the horizontal and vertical 

directions: 

Δ𝑝𝑥 = 0   Δ𝑝𝑦 = 0 

𝑝𝑥,𝑖,𝑠𝑦𝑠 = 𝑝𝑥,𝑓,𝑠𝑦𝑠  𝑝𝑦,𝑖,𝑠𝑦𝑠 = 𝑝𝑦,𝑓,𝑠𝑦𝑠 

Let’s revisit the example from the last tutorial, except now one of the cars is traveling in a 

direction perpendicular to the other. 

1. An SUV with mass 1.80 x 103 kg is traveling eastbound at 25.0 m/s while a Honda Fit (a 

compact car) with mass 1.10 x 103 kg is traveling southbound at 15.0 m/s. Unfortunately, 

they collide at an uncontrolled intersection. Draw a sketch of the cars before the collision. 

 

 

 

 

 

2. If the cars stick together after the collision, make a prediction as to which direction the 

wreckage will travel. Add this to your sketch above. 

3. Find the initial momentum of each car. Use the coordinate system in which east and north are 

positive.  
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4. Use the conservation of momentum to write a mathematical model that describes the 

relationship between the initial and final momentums of the cars in this collision using two 

equations, one for each axis of motion. Be sure to use subscripts to keep track of things. 

Then, write the conservation of momentum expression in terms of mass and velocity.  

 

 

5. In this case, the cars are entangled after the crash. What does this tell us about the final 

velocity of the two cars? How does this simplify the problem? 

 

 

Our goal now is to find the final velocity of the system (the stuck together car & SUV) after the 

collision. To do this, we’re going to use tables to find the final momentum of the cars. Now that 

we have motion in two-dimensions, we will need to complete two tables (as shown below). 

6. Look at the two tables. What parameters are equal to zero? Fill in these boxed first. (Hint: 

there are four total zeros in the two tables.) 

x-direction SUV Fit System 

𝑝𝑖,𝑥   

 

  

Δ𝑝𝑥   

 

  

𝑝𝑓,𝑥  

 

  

 

y-direction SUV Fit System 

𝑝𝑖,𝑦  

 

  

Δ𝑝𝑦  

 

  

𝑝𝑓,𝑦  

 

  

 

7. Find the final velocity of the system and use this to determine the final momentum for each 

car in each direction. 

8. Use vector addition to find the magnitude and direction of the total final momentum. 
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Reading: Forces & Newton’s Laws of Motion 
In our study of collisions, we have determined that momentum is conserved for objects in 

a closed system. For an open system, we defined a new quantity, impulse, that can change the 

momentum of an object. We now extend our analysis of collisions to include forces. Newton’s 

Laws provide a systematic way to describe forces acting on a system, and a mathematical model 

to quantitatively study the changes in the motion of a system as a result of these forces. 

Newton’s 1st Law 

Think about an object in motion, say a car speeding down the highway. What causes the 

velocity (and therefore momentum) to change? You could hit the brakes, applying a force 

(friction from the brake pads) that slows down the car. You could press on the accelerator, 

applying a force from the engine to increase the speed of the car. Maybe you aren’t paying 

attention and you hit a tree. The tree applies a force that stops the car. The pattern we see here is 

that to change the momentum of the car, a force must be applied. This is true for any object, not 

just cars. 

This is Newton’s 1st Law of Motion: An object ‘s motion doesn’t change unless acted on 

by an unbalanced force. When Newton first wrote his Laws of Motion he defined “motion” to be 

mass times velocity, or what we today call momentum. So Newton’s First Law tells us that an 

unbalanced force is required to change the momentum of an object. This includes objects that are 

at rest; they will remain at rest until an unbalanced force is applied. This Law is sometimes 

referred to as the “Law of Inertia” where an object’s inertia is its resistance to changes in 

motion. 

The term “unbalanced” is an important part of this definition. It is not enough to just 

apply a force because the force may be balanced by another force. For example, if I push on my 

car as it sits in the driveway, I am applying a force, but the car doesn’t move. Why? There is also 

a force of friction that I need to overcome. The friction is balancing my push, and so there is no 

net force to make the car move (the net force is the sum of all forces acting on an object.  

Newton’s 2nd Law 

Newton’s 2nd Law of Motion tells us exactly how the momentum changes when a net 

force is applied. Through careful experimentation, Newton determined that a net unbalanced 

force caused a change in momentum of the system over time: 

 Δ�⃑� = ∑ �⃑� Δ𝑡  (1) 

Where ∑ �⃑� indicates that we are adding up all of the forces acting on the object. This total sum is 

called the net force on the object. (Sometimes you will see this written as �⃑�𝑛𝑒𝑡, which is 

equivalent to ∑ �⃑�.) The change in momentum of the object is represented by Δ𝑝, and the time 

interval is Δ𝑡. 

In most of the systems that we will study, the mass is constant, so we can rewrite 

equation (1) as: 

Δ�⃑� = 𝑚Δ�⃑� = ∑ �⃑� Δ𝑡  
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And then divide both sides by time: 

𝑚
Δ𝑣ሬ⃑

Δ𝑡
= ∑ �⃑�  

Then divide by mass and substitute in the definition of acceleration: 

�⃑� =
Δ𝑣ሬ⃑

Δ𝑡
=

∑ �⃑�

𝑚
   (5) 

Equation (5) illustrated the key idea of Newton’s 2nd Law. An object experiences 

acceleration because a net force being applied on a given mass. A larger force causes a larger 

acceleration, while an object with a large mass will experience less acceleration. We can 

rearrange to get the more familiar form of Newton’s 2nd Law: 

∑ �⃑� = 𝑚�⃑�    (6) 

Note that force is a vector, and so we can break equation (6) up into the horizontal and vertical 

components: 

∑ 𝐹𝑥 = 𝑚𝑎𝑥   ∑ 𝐹𝑦 = 𝑚𝑎𝑦 

Comparing equation (1) to the Impulse-Momentum Theorem (𝐽 = Δ�⃑�), we see that 

impulse can be defined as the force applied over time: 

𝐽 = Δ�⃑� = �⃑�Δ𝑡   (3) 

It turns out that Newton’s 2nd Law is just another way to write momentum conservation! If a 

force is applied, then there is a change in momentum, and therefore an acceleration. If no net 

external force is applied, then momentum is conserved (Δ�⃑� = 0) and there is no acceleration. 

(Note that an object travelling at a constant velocity is experiencing zero acceleration.) 

Newton’s 3rd Law 

We have shown that a force causes a change in a system, and Newton’s 2nd Law provides 

a specific mathematical model to determine exactly how the motion of a system changes when a 

force acts on it. But what exactly is a force? A force is an interaction between two objects. 

Anytime two objects come in contact, there is an interaction. This is the essence of Newton’s 3rd 

Law: For every force, there is an equal and opposite reaction force.  

The easiest way to visualize this interaction is by thinking about what we call contact 

forces, or a force that results from the contact of one object with another. It is impossible for an 

object to push on another object without the other object pushing back. In the above example, the 

tree is in contact with the car, when it exerts the force that makes it stop. On the flip side, the car 

puts a force on the tree. The force that the tree exerts on the car must be equal in magnitude to 

the force that the car exerts on the tree. However, these forces are opposite in direction. 

Examples of contact forces we will use are pushing forces, pulling forces (tension), friction, and 

normal (supporting) forces. We’ll see other examples of forces that do not require the objects to 

actually touch, such as gravitational, electrical, and magnetic forces. These are called non-

contact forces (or field forces). Even though these objects are not touching, there is still an 

interaction, and Newton’s 3rd Law still holds.  
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One way that we represent the fact that a force is an interaction is by using subscripts. For 

example, the force of block A on block B would be written as �⃑�𝐴𝐵. The reaction force of block B 

acting on block A would be written as �⃑�𝐵𝐴.  

 

 

 

We can then represent Newton’s 3rd Law in equation form: 

�⃑�𝐴𝐵 = −�⃑�𝐵𝐴     (7) 

The negative sign indicates that �⃑�𝐵𝐴 is pointing in the opposite direction as �⃑�𝐴𝐵. 

Newton’s 3rd Law can also be tied back into our study of momentum. Consider the blocks 

above. As A pushes on B, B pushes back on A. The time that they are in contact must be the 

same for each block. Let’s multiply both sides of equation (7) by this quantity Δ𝑡: 

�⃑�𝐴𝐵Δ𝑡 = −�⃑�𝐵𝐴Δ𝑡 

Or:              Δ�⃑�𝐴 = −Δ�⃑�𝐵 

Or:       𝐽𝐴 = 𝐽𝐵 

Which is just to say that the change in momentum, or impulse, of block A is equal and opposite 

to the change in momentum for block B. If we write the total momentum for the system, we get 

the following expression: 

Δ�⃑�sys = Δ�⃑�𝐴 + Δ�⃑�𝐵 = 0 

The total momentum of the system including block A and block B is conserved! Newton’s 3rd 

Law helps us to define forces that are internal to a system.  

Summary of Newton’s Laws 

Newton’s 1st Law  

(The Law of Inertia) 

An object’s motion doesn’t change unless an 

unbalanced force acts on it. 

 

Newton’s 2nd Law  

(Momentum Conservation) 

A net unbalanced force causes a change in momentum 

of an object.  

∑ �⃑� = 𝑚�⃑� 

Newton’s 3rd Law  

(Definition of a Force) 

A force is an interaction between two objects. Every 

force has an equal (in magnitude) and opposite (in 

direction) reaction force. The force and the reaction 

force each act on one of the two objects that are 

interacting; they never act on the same object.  

  

A B 
�⃑�𝐴𝐵 �⃑�𝐵𝐴 
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Reading: Forces & Free Body Diagrams 
In the last reading, we learned about Newton’s Laws of Motion. In order to use Newton’s 

Laws as mathematical models to understand changes in a system, we have to be able to 

quantitatively define several different types of forces. We’ll start with four kinds of forces: 

gravity, friction, normal, and tension. We’ll also develop a method of visually representing the 

forces acting on an object called Free Body Diagrams. 

Free Body Diagrams 

Free body diagrams (FBD) are a visual representation of the forces acting on an object. 

Drawing these diagrams is an important first step in building a conceptual model of forces that 

will allow us to eventually calculate the acceleration of an object.  

A free body diagram includes all of the forces acting on 

a particular object, drawn to scale and pointing in the 

appropriate direction. It is called a “free body” diagram 

because ideally it would be drawn separate from a pictorial 

representation of the object. Look at the picture at right. There 

are three objects in the picture (the person, the desk, and the 

chair). We can draw a FBD for each of them. If we tried to do 

that on the image, it would very quickly get very confusing. 

Drawing the vectors apart from the image helps to focus on 

just one object at a time and simplifies the system so that it is 

easier to model. In addition, the object is represented by a 

single dot in the FBD, with all the forces acting on that point. The final diagram helps to give a 

qualitative sense of the size of each of the forces and how they add together to affect the overall 

motion of the object. You can then use your free body diagram to check your answers when you 

do the calculations to make sure that they make sense.  

Let’s start with the chair. First, think about what forces are acting on the object. Gravity 

is pulling it down towards the Earth. Gravity acts on everything near the Earth’s surface, so this 

is usually the first one I draw. The person is sitting on the chair, so she’s putting a force 

downward on the chair. Finally, the floor is supporting the chair. I want to draw these forces 

more or less to scale, so I have to think about the relative size of the forces. In this case, the chair 

is not accelerating, so I know that the net downward forces will be balanced by the net upward 

forces (∑ 𝐹𝑢𝑝 = ∑ 𝐹𝑑𝑜𝑤𝑛). Because there is only one upward force (from the floor), we know 

that this force will be bigger than the two downward forces (gravity and the force from the 

person). Putting this altogether, gives us the free body diagram shown in Figure 1.   

We can repeat this type of reasoning for the person and the table, and draw the free body 

diagrams shown in Figures 2 and 3.  
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In the diagrams above, we have color-coded the arrows so that the gravitational forces 

(the force of the Earth on each object) are colored blue. The forces from the floor supporting 

each object are colored red. There are also some third law pairs shown in the diagrams above. 

The force of the person on the chair is equivalent in magnitude, and opposite in direction, to the 

force of the chair on the person. These are the green arrows in the diagram. Note that these two 

forces are in different diagrams. Third law pairs always act on different objects. Can you find the 

other third law pair in the diagrams above? 

If we define our system to be the person, the chair, and the 

desk, then we can draw a single FBD for the entire system. This FBD 

is essentially the sum of all the forces draw above. However, all of 

the internal forces, the third law pairs that we identified, will cancel 

out. So we are left with just two forces: gravity and the supporting 

force from the floor. The free body diagram for the system is shown 

in Figure 4. Note that the system is at rest, so the forces are balanced. 

Gravity 

 Living on the surface of the Earth, we are all subject to 

Earth’s gravity. This is what gives objects an apparent weight; when 

you lift a heavy object (or any object) you are fighting against the 

Earth’s gravitational force. The force of gravity on Earth is defined 

as: 

𝐹𝑔 = 𝑚𝑔   (1) 

Where 𝐹𝑔 if the gravitational force, 𝑚 is the mass of the object, and 𝑔 is the gravitational 

constant (𝑔 = 9.8 m/s2). This number may look familiar; it is also the acceleration of an object 

in free fall. This makes sense because an object in free fall only has the force of gravity acting on 

𝐹𝑓𝑙𝑜𝑜𝑟 𝑜𝑛 𝑐ℎ𝑎𝑖𝑟 

𝐹𝑝𝑒𝑟𝑠𝑜𝑛 𝑜𝑛 𝑐ℎ𝑎𝑖𝑟 
𝐹𝐸𝑎𝑟𝑡ℎ 𝑜𝑛 𝑐ℎ𝑎𝑖𝑟 

Figure 1: FBD for the chair. 

𝐹𝑓𝑙𝑜𝑜𝑟 𝑜𝑛 𝑝𝑒𝑟𝑠𝑜𝑛 

𝐹𝑐ℎ𝑎𝑖𝑟 𝑜𝑛 𝑝𝑒𝑟𝑠𝑜𝑛 

𝐹𝐸𝑎𝑟𝑡ℎ 𝑜𝑛 𝑝𝑒𝑟𝑠𝑜𝑛 

Figure 2: FBD for the person. 

𝐹𝑓𝑙𝑜𝑜𝑟 𝑜𝑛 𝑑𝑒𝑠𝑘 

𝐹𝑝𝑒𝑟𝑠𝑜𝑛 𝑜𝑛 𝑑𝑒𝑠𝑘 
𝐹𝐸𝑎𝑟𝑡ℎ 𝑜𝑛 𝑑𝑒𝑠𝑘 

Figure 3: FBD for the desk. 

𝐹𝑑𝑒𝑠𝑘 𝑜𝑛 𝑝𝑒𝑟𝑠𝑜𝑛 

𝐹𝑓𝑙𝑜𝑜𝑟 𝑜𝑛 𝑠𝑦𝑠𝑡𝑒𝑚 

𝐹𝐸𝑎𝑟𝑡ℎ 𝑜𝑛 𝑠𝑦𝑠𝑡𝑒𝑚 

Figure 4: FBD for the system. 
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it, so the magnitude of the acceleration (as calculated using Newton’s 2nd Law) will be equivalent 

to the gravitational constant: 

∑ 𝐹𝑦 = 𝑚𝑎𝑦 

−𝑚𝑔 = 𝑚𝑎𝑦 

𝑎𝑦 = −𝑔 = −9.8 m/s2 

Where I have assigned down to be the negative direction. The force of gravity is always directed 

towards the center of the Earth. 

Equation (1) is actually a simplification of Newton’s Law of Universal Gravitation, 

which holds for objects not just on the Earth but for all objects interacting with all other objects. 

The complete definition of gravitational force is: 

𝐹𝑔 = 𝐺
𝑚1𝑚2

𝑟2    (2) 

Where G is the universal gravitation constant (𝐺 = 6.67 × 10−11Nm2/kg2), 𝑚1 is the mass of 

one object, 𝑚2 is the mass of the other object, and 𝑟 is the distance between the centers of the 

two masses.  If we apply equation (2) to an object on the surface of the Earth it becomes: 

𝐹𝑔 = 𝑚𝑜𝑏𝑗𝑒𝑐𝑡 [
𝐺𝑚𝑒𝑎𝑟𝑡ℎ

𝑅𝑒𝑎𝑟𝑡ℎ
2 ] = 𝑚𝑔 

Where we have made the approximation that distance from the center of any object on the 

surface of the Earth to the center of the Earth, is the Earth’s radius.  If we plug in the values for 

the mass of the Earth and the radius of the Earth, the quantity in the bracket reduces to 9.8 m/s2 

and we see that equation (2) is equivalent to equation (1) on the surface of the Earth.  

Tension 

 Tension is the technical term for the force on an object when it is pulled by a string or 

rope of any sort. There is no simple mathematical way to determine the tension in a rope. If the 

magnitude is not given in the problem, then it can be determined based on the acceleration of the 

object using Newton’s 2nd Law. In an experimental situation, we have force sensors that can 

measure tension.  

 When using tension in force problems, there are a couple of assumptions we make that 

are important to note: 

• Tension always pulls away from the object, along the direction of the rope. This is true 

even if the rope connects two objects, as shown below. 

• Tension is always constant throughout the rope, assuming the rope is taut. A slack rope 

has no tension (𝑇 = 0).   
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The diagram below illustrates these two points. Mathematically, we can say that: 

𝑇ሬ⃑𝐴 = −𝑇ሬ⃑ 𝐵 

 

Figure 5: Diagram of tension forces acting in a rope between two objects. 

• Tension is always constant in the rope, even if it passes over a massless pulley (an 

assumption that is valid because most of our pulleys are very light compared to the 

masses of the objects). In the diagram below, the magnitude of 𝑇𝐴 is equal to the 

magnitude of  𝑇𝐵, but they are acting in different directions.  

 

Figure 6: Diagram of tension forces acting in a rope over a pulley. 

• Different ropes in a system can have different tensions, as shown below. The tension in 

rope 1 is shown by the red arrows, and pulls on blacks A and B with the same magnitude 

of force. The tension in rope 2 has the same magnitude pull on blocks B and C. (In this 

case, block B would be accelerating to the left because 𝑇1,𝐵 > 𝑇2,𝐵.) 

 

 

Figure 7: Diagram of tension forces in two ropes.  

 

  

A B 

𝑇𝐴 𝑇𝐵 

𝑇𝐴 

𝑇𝐵 

C 

𝑇2,𝐵 𝑇2,𝐶 

A B 

𝑇1,𝐴 𝑇1,𝐵 

Rope 1 Rope 2 
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Normal 

Normal forces are contact forces. They are called 

“normal” from the mathematical definition of normal that 

means perpendicular. Anytime an object rests against another 

object, there is a supporting force perpendicular to the surface 

of contact. For example, a person leaning against a wall is 

shown in Figure 8. The person has two normal forces acting on 

them– one between him and the wall, and one between him and 

the floor. As discussed above, it is often helpful to write out the 

subscripts for the normal force explicitly so you can see which 

object is acting on which other object in the system.   

The second example, shown in Figure 9, is a book 

sitting on a table. The table provides an upward force to support 

the book. However, Newton’s 3rd Law tells us that there is also 

a force that the book puts on the table that is equal in magnitude 

and opposite in direction. 

On the right, we have changed the situation so that now 

a tiny person is sitting on the book. (In real life, this could be 

any additional force placed on the book, such as another book 

or a hand pushing down on the book.) In this case, the table’s 

supporting force has increased to support both the weight of both the book and the tiny person. 

Likewise, the reaction force of the book on the table has increased the same amount so that the 

forces are still equal and opposite. Note that the weight (𝐹𝑔) for the book has not changed and is 

not a normal force.  

 

Figure 9: Free body diagram of a book on a table. 

 Like tension, there is no formula for calculating normal forces. Unlike tension, the 

normal force cannot cause an object to accelerate. 

  

𝐹𝑡𝑎𝑏𝑙𝑒 𝑜𝑛 𝑏𝑜𝑜𝑘 

𝐹 𝑏𝑜𝑜𝑘 𝑜𝑛 𝑡𝑎𝑏𝑙𝑒 

𝐹𝑡𝑎𝑏𝑙𝑒 𝑜𝑛 𝑏𝑜𝑜𝑘 

𝐹 𝑏𝑜𝑜𝑘 𝑜𝑛 𝑡𝑎𝑏𝑙𝑒 

Figure 8: Diagram of normal forces 

acting on a person leaning against a wall. 

𝐹𝑤𝑎𝑙𝑙 𝑜𝑛 𝑚𝑎𝑛 

𝐹𝑓𝑙𝑜𝑜𝑟 𝑜𝑛 𝑚𝑎𝑛 
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Friction 

The other common force between objects touching each other is friction. Friction resists 

the motion of an object, and is always directed parallel to the surface. There are two types of 

friction: static and kinetic.  

Static friction is present when a force is applied parallel to the surface an object is 

resting on, but the object does not move. In this case the static friction is sufficient to balance the 

applied force, as shown below.  

 

If I push harder on the heavy box, the static friction increases to balance my increased force.  

 

Static friction always balances the applied force, but there is a maximum force it can 

oppose. The maximum static friction is determined by something called the coefficient of static 

friction, which depends on the properties of the two surfaces that are interacting. It is typically 

determined experimentally, based on the ratio of the maximum static friction force to the normal 

force between the object and the surface it rests on: 

𝜇𝑠 =
𝐹𝑠,𝑚𝑎𝑥

𝐹𝑁
    (3) 

Where 𝜇𝑠 represents the coefficient of static friction, 𝐹𝑠,𝑚𝑎𝑥 is the maximum static friction force, 

and 𝐹𝑛 is the normal force between the object and the surface it is resting on. We can also rewrite 

equation (3) in a way that makes it easier to calculate the static friction force if the coefficient is 

given, which is often the case: 

𝐹𝑠,max = 𝜇𝑠𝐹𝑁   (4) 

You can see from this expression that increasing the normal force also increases the maximum 

static friction force. This makes sense, the heavier an object is, the harder you have to push to get 

it to move.  

If I push hard enough, the box eventually begins to move. Kinetic friction is the friction 

present when an object is sliding across a surface and is sometimes called “sliding friction.” In 

the figure below, you can see that 𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑 > 𝐹𝑘𝑖𝑛𝑒𝑡𝑖𝑐 which means the object would accelerate to 

the right.  

 

𝐹𝑠𝑡𝑎𝑡𝑖𝑐 

𝐹𝑠𝑡𝑎𝑡𝑖𝑐 

𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑 
�⃑� 𝐹𝑘𝑖𝑛𝑒𝑡𝑐 �⃑� 

𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑 

𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑 
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Unlike the static friction, kinetic friction doesn’t depend on the applied force. The kinetic 

friction is determined by the normal force between the object and the surface and the coefficient 

of kinetic friction, which is the ratio of the kinetic friction to the normal force: 

𝜇𝑘 =
𝐹𝑘

𝐹𝑁
    (5) 

Or we can rewrite equation to find the kinetic friction: 

𝐹𝑘 = 𝜇𝑘𝐹𝑁    (6) 

The coefficient of kinetic friction is typically less than the coefficient of static friction for a given 

pair of objects, so once the object starts moving, the magnitude of the friction force decreases.  

If I decrease the applied force once the object starts moving, and the object still continues 

to move, the force of kinetic friction remains the same. In the example shown below, the applied 

force is balancing the kinetic friction force. This means that the object is not accelerating; it is 

moving with constant velocity.   

 

If I get tired from pushing this heavy box, my applied force decreases. The kinetic 

friction, however, remains constant. Now the tables have turned, and friction is winning! The 

box accelerates to the left, which is opposite the direction of motion. This means the box will 

eventually slow down and stop moving.  

 

Summary of Forces 

Force Formula Notes 

Gravity 
𝐹𝑔 = 𝑚𝑔 

• This equation holds for object on the surface of the 

earth only. 

Tension 
No formula 

• Calculate based on Newton’s 2nd Law and the 

acceleration of system.  

Normal 

No formula 

• Calculate based on Newton’s 2nd Law. 

• Normal force cannot cause an object to accelerate. 

• Use subscripts to denote interactions between 

objects.  

Static Friction 
𝐹𝑓,𝑠 = 𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑 

𝐹𝑓,𝑠,max = 𝜇𝑠𝑁 

• Static friction balances applied force up to a 

maximum value. 

Kinetic 

Friction 
𝐹𝑓,𝑘 = 𝜇𝑘𝑁 

• Kinetic friction is constant, regardless of applied 

force.  

�⃑� = 0 

𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝐹𝑓,𝑘𝑖𝑛𝑒𝑡𝑐 �⃑� 

𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑 
�⃑� 𝐹𝑓,𝑘𝑖𝑛𝑒𝑡𝑐 

�⃑� 
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Modeling Accidents: Forces 
In the previous tutorials, we used Conservation of Momentum to mathematically model 

collisions. Momentum is a useful model if we want to learn how the velocities of objects change 

due to a collision. However, it doesn’t tell us anything about the acceleration of the objects in the 

system before or after the collision. To determine the acceleration of the cars, we’ll need to build 

a new model based on forces and Newton’s Laws. This analysis will also require us to revisit the 

kinematics equations (see below) that describe objects moving with constant acceleration. 

𝑣𝑓 = 𝑣𝑖 + 𝑎𝑡 

𝑣𝑓
2 = 𝑣𝑖

2 + 2𝑎Δ𝑥 

Δ𝑥 = 𝑣𝑖𝑡 +
1

2
𝑎𝑡2 

Part 1: Before the Crash 

A car of mass 2500 kg enters the highway from an on ramp, accelerating at a rate of 3.5 m/s2.  

1. Draw a free body diagram of the car under these circumstances. 

 

 

 

2. Use Newton’s 2nd Law to find the net force acting on the car. 

 

 

3. If the frictional force is 1000 N, find the force of the engine propelling the car forward. 

 

 

 

4. Find the normal and gravitational forces.  

 

 

 

The car has reached cruising speed of 50 m/s on the highway.  

5. Draw a free body diagram of the car under these circumstances. 

 

 

 

6. What is the acceleration of the car now? What is the net force acting on the car? 
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7. Assuming that the frictional force has stayed the same, calculate the force exerted by the 

engine. 

 

 

 

There is an accident ahead! The driver applies the brakes and slows to a stop in 15 seconds.  

8. Calculate the acceleration of the car during this time period. Use a coordinate system where 

forward is positive. 

 

 

 

 

9. Draw a free body diagram of the car under these circumstances. 

 

 

 

 

10. What is the net force on the car now, as it decelerates? 

 

 

 

 

11. Assuming that the frictional force has stayed the same, calculate the force exerted by the 

brakes. 
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Part 2: During the Crash 

We often use Conservation of Momentum to describe the change in momentum of cars during a 

collision. For the system, which includes both cars, the change in momentum is zero       

(Δ�⃑�𝑠𝑦𝑠 = 0). However, there is a change in momentum for each car individually, and we can use 

that change in momentum to learn something about the forces that are applied during the 

collision. 

Momentum is closely related to force; they are linked through the concept of impulse, as shown 

in the equation below: 

𝐽 = Δ�⃑� = �⃑�Δ𝑡 

Where 𝐽 represents impulse, which is equal to the change in momentum Δ�⃑�, �⃑� represents the 

force, and Δ𝑡 is the time the objects are in contact during the collision. 

In a crash test, a car of mass 1.50 × 103 kg collides with a wall and rebounds. The initial and 

final velocities of the car are 𝑣𝑖  = −15.0 m/s and 𝑣𝑓 = +2.6 m/s.  

9. Draw a free body diagram of the car as it collides with the wall. 

 

 

 

10. Find the impulse delivered to the car due to the collision. 

 

 

 

11. If the collision lasts for 0.150 s, what is the magnitude and direction of the average force 

applied by the wall to stop the car? 

 

 

 

12. Find the average acceleration of the car during the collision. 

 

 

 

13. What is the magnitude and direction of the average force applied by the car to the wall during 

the collision? 
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Another example 

You are taking a day off from studying physics to ride on the Go Karts in the Wisconsin Dells. 

You are zipping along at 15 m/s in your Go Kart when you rear end your brother’s Go Kart, 

which is only moving at 12 m/s. Your kart continues moving forward, but has slowed to 6 m/s.  

You are stuck on a narrow track, so assume all motion is happening in one dimension. Both Go 

Karts weight 75 kg. Assume your mass is 75 kg, and your brother’s mass is 90 kg.  

14. Find the initial and final momenta of each cart and the system. Fill out the table below. 

 Your Go Kart Brother’s Go Kart System 

𝑝𝑖  

 

  

Δ�⃑�  

 

  

𝑝𝑓  

 

  

   

15. Use your table and the definition of impulse to figure out the force applied by your kart on 

your brother’s. Assume the collision time was 0.10 seconds.   

 

 

 

 

 

16. Use your table and the definition of impulse to figure out the force applied by your brother’s 

kart on yours. How does this compare to your answer from #7?  

 

 

 

 

17. Explain how your answers to the previous two questions are consistent with Newton’s Third 

Law.  
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Part 3: After the Crash 

After your traumatic Go Kart collision, you panic and slam the brakes. Your Go Kart skids to a 

stop over a distance of 10 meters. (Recall that your velocity just after the collision was 6 m/s.)  

18. Draw a free body diagram of the Go Kart.  

 

 

 

19. Find the acceleration of your Go Kart over this distance. 

 

 

 

 

20. Find the net force acting on your Go Kart. 

 

 

 

 

21. Find all of the individual forces acting on the Go Kart.  

 

 

 

 

22. Find the coefficient of kinetic friction between the wheels and the pavement. 
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Lab: Static and Kinetic Friction 
Imagine you are driving and hit a patch of ice. You put on the brakes, but your car slides out of 

control. Your car slides across the road and onto the grassy median, where it comes to a stop. 

Why does the car eventually stop? This happens because there is a frictional force acting 

between the tires and the road or grass. 

Accident investigators are often tasked with studying the skid marks left behind after an accident 

such as the one described above. To make estimates of how fast the vehicle was travelling before 

it tried to stop, the investigators needs to know how much frictional force is acting on the tires of 

a car as it slides across the road (or other surfaces). In order to gather this information, the 

investigators will simulate accidents in the lab One way to set up these experiments is to drag a 

tire across a surface, and measure the force that is needed to keep the tire moving at a constant 

velocity. 

1. Draw a free body diagram for the tire being dragged across the pavement. 

 

 

2. Why does the investigator need to keep the velocity constant during this experiment? 

 

 

3. Is this an experiment to determine the coefficient of static or kinetic friction? Explain your 

answer. 

 

 

In the experiment described above, the investigator can infer the frictional force that is acting on 

that particular tire, but it would be more useful to know the coefficient of friction for a particular 

brand of tire and a particular surface. The coefficient of friction is defined as the ratio of the 

frictional force to the normal force: 

𝜇𝑘 =
𝐹𝑘

𝐹𝑁
   (1) 

Likewise, the coefficient is determine based on the ratio of the maximum static friction force to 

the normal force: 

𝜇𝑠 =
𝐹𝑠,𝑚𝑎𝑥

𝐹𝑁
   (2) 

4. What data would the investigator need to collect to learn the coefficient of kinetic friction? 

 

 

5. What data would the investigator need to collect to learn the coefficient of static friction? 
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6. Do you think all tires have the same coefficients of friction? Explain your answer. 

 

 

Predictions 

Now you will act as the accident investigator and determine the coefficient of friction for various 

“tires.” Look at the blocks on the lab bench. The different surfaces of the friction blocks will 

represent different tires. We’ll test the “tires” on different surfaces (e.g. the lab bench, sandpaper, 

felt, etc.). 

7. Predict: Which combination do you think has the greatest coefficient of static friction?  

 

 

8. Predict: Which combination do you think has the greatest coefficient of kinetic friction? 

 

 

9. How will the surface the block slides on affect the friction coefficients? 

 

 

Experimental Plan 

Take a few minutes to look at the supplies available to you to perform this experiment (blocks, 

masses, force sensor, balances, etc.). Think about what data you need to collect, how you will 

collect your data, and how you will analyze your data. You might want to play around with the 

equipment as you are planning your experiment to see what works and what doesn’t. 

10. Write your experimental plan below. Make sure to get it approved by your instructor before 

you begin taking data. 

 

 

 

 

11. Make a sketch of what you expect the data to look like. How many graphs will you have in 

the end? 
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Instructions for Using the Force Sensor 

1. The force sensor that we will use today measures the tension force pulling on the block.  

2. Plug the force sensor into the Universal Interface. 

3. Open a new Capstone file. You will have to check the Hardware setup to see if the Force 

Sensor is recognized. If it is not, add it by clicking on the relevant port and selecting “Force 

Sensor”.  

4. Add a graph to the display that shows Force vs. Time.  

5. Make sure the force sensor is zeroed before you start collecting data! Do this by lying it on 

the table and push the zero button on the side. You may have to do this periodically 

throughout the experiment if the readings drift. 

Execute your experiment. 

1. Make any data tables and/or graphs that you need to test your predictions (above). 

2. Complete the table below. Make a claim based on your data about which combination of 

surfaces has the greatest coefficient of static friction. Make a claim based on your data about 

which combination of surfaces has the greatest coefficient of static friction.  

 Kinetic Friction Static Friction 

Claim  

 

 

 

Evidence  

 

 

 

Reasoning  

 

 

 

3. Compare your results with other groups. Do you all agree? Explain why or why not.  

 

 

 

4. What are the implications of this research project for the accident examiner? 
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Reading: Work-Energy Theorem 
We now have two methods for mathematically modeling accidents: 

• Conservation of Momentum – used to find the velocities of the objects immediately 

before or immediately after a collision 

• Forces & Kinematics – used to find the acceleration of an object before, during, or after a 

collision 

We have one more method to add to the list: energy. Energy provides a different way to 

calculate the changes happening in the system. In particular, we will focus on kinetic energy, the 

energy of motion. In this unit we are limiting ourselves to collisions taking place over flat 

surfaces, so there is no change in the gravitational potential energy of the objects. However, the 

change in velocity before and after the collision can be conceptualized as a change in kinetic 

energy in the system.  

Defining Work 

When a force is applied to an object, we can think about how that force changes the 

motion of the object in two different ways. The first we’ve already seen. We can think about how 

much force is applied over time, which is what we’ve defined as impulse: 

𝐽 = �⃑�Δ𝑡   (1) 

According the Newton’s 2nd Law, force acting over time leads to a change in momentum (�⃑� =

𝑚�⃑� = 𝑚
Δ𝑣ሬ⃑

Δ𝑡
=

Δ�⃑�

Δ𝑡
). This gives us the Impulse-Momentum Theorem: 

𝐽 = Δ�⃑�    (2) 

We can also think about what happens if a force is applied over a distance. This is a new 

quantity that we will call Work: 

𝑊 = 𝐹𝑥Δ𝑥   (3) 

Where W is the work, 𝐹𝑥 is the component of the force that is in the same (or opposite) direction 

as the displacement, and Δ𝑥 is the displacement. (Note that the component of the force that is 

perpendicular to the displacement does no work. We’ll talk about this more below.) Work is 

measured in Newton-meters, which is equivalent to Joules.  

Work & Kinetic Energy 

We can do an analysis similar to what we did for impulse by plugging in Newton’s 2nd 

Law (𝐹 = 𝑚𝑎) for the force:  

𝑊 = 𝐹𝑥Δ𝑥 = 𝑚𝑎𝑥Δ𝑥  (4) 

Now we make a substitution for Δ𝑥 based on the kinematics equations: 

𝑣𝑓
2 = 𝑣𝑖

2 + 2𝑎𝑥Δ𝑥 

Δ𝑥 =
𝑣𝑓

2−𝑣𝑖
2

2𝑎𝑥
   (5) 
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Plugging equation (5) into equation (4) give us: 

𝑊 = 𝑚𝑎𝑥Δ𝑥 = 𝑚𝑎𝑥 (
𝑣𝑓

2 − 𝑣𝑖
2

2𝑎𝑥
) 

𝑊 =
1

2
𝑚𝑣𝑓

2 −
1

2
𝑚𝑣𝑖

2 

You might recognize the result on the right hand side as kinetic energy(𝐾 =
1

2
𝑚𝑣2), which 

means we can simplify the above expression to: 

𝑊 = 𝐾𝑓 − 𝐾𝑖 

𝑊 = Δ𝐾   (6) 

Where W is work and Δ𝐾  is the change in kinetic energy. This is called the Work-Energy 

theorem: A force applied over a given distance changes the kinetic energy of the system.  

• If the force is applied in the direction of motion, the work is positive, and therefore 

increases the kinetic energy of the system. This means the object speeds up, or 

accelerates.  

• If the force is applied in the opposite direction as the motion, the work is negative and 

therefore decreases the kinetic energy of the system. This means the object slows down, 

such as when friction is acting on an object.  

• If a force is applied perpendicular to the direction of motion, it has no effect on the 

velocity. In this case, work done is zero and there is no change in kinetic energy.  

Let’s look at a car traveling down the highway. The free body diagram of the car is 

shown in Figure 1. The net force on the car is not zero, which means the car is accelerating as it 

moves along. The net force is in the same direction as the displacement, so the net work done is 

positive. In other words, the net force acting on the car is increasing the kinetic energy of the car. 

Another way to think about this is that the car’s acceleration and velocity point in the same 

direction, so it will be speeding up. 

 

Figure 1: Free body diagram of a car travelling down the highway. 

 

𝐹𝑁 

𝐹𝑔 

𝐹𝑓 

𝐹𝑒𝑛𝑔𝑖𝑛𝑒 

Δ𝑥 
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Another way to look at the problem is to look at the work done by each force. We can 

break the net work done on the car into component for each of the forces acting on the car: 

𝑊𝑛𝑒𝑡 = 𝑊𝑓 + 𝑊𝑒𝑛𝑔𝑖𝑛𝑒 + 𝑊𝑁 + 𝑊𝑔  (7) 

Let’s look at each force individually: 

• The work done by the normal force and the gravitational force is zero because those 

forces are perpendicular to the direction of the displacement (i.e. the direction of motion).  

• The work done by the engine is positive because it is in the same direction as the 

displacement, and the force is therefore increasing the velocity (kinetic energy) of the car.  

• The work done by the frictional force is negative because it is acting in a direction 

opposite the displacement, and is effectively decreasing the velocity (kinetic energy) of 

the car.  

The table below summarizes these relationships. 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Summary of relationship between Work and Kinetic Energy 

We know that the car is speeding up, which means that the magnitude of the force of the 

engine is greater than the force of friction.  

|𝐹𝑒𝑛𝑔𝑖𝑛𝑒| > |𝐹𝑓| 

For example, let’s say that the force produced by the engine is 10,000 N and the force of friction 

is 3000 N. If the car travels for 100 meters, we can calculate the work done by each force: 

𝑊𝑒𝑛𝑔𝑖𝑛𝑒 = 𝐹𝑒𝑛𝑔𝑖𝑛𝑒Δ𝑥 = (10,000 N)(100 m) = 106 J 

𝑊𝑓 = −𝐹𝑓Δ𝑥 = −(3000 N)(100 m) = −3 × 105 J 

The calculation shows that the work done by the engine will be greater in magnitude than the 

work done by friction. We can plug this into equation (7) to find the net work done: 

 

Work Direction of Force & 

Displacement 

Change in Kinetic Energy 

Positive (+) Same direction 

 

 

Positive; velocity increases 

Negative (-) Opposite direction 

 

 

Negative; velocity decreases 

Zero Perpendicular 

 

 

No change in velocity or 

kinetic energy 

𝐹 Δ𝑥 

𝐹 Δ𝑥 

𝐹 Δ𝑥 
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𝑊𝑛𝑒𝑡 = 𝑊𝑓 + 𝑊𝑒𝑛𝑔𝑖𝑛𝑒 + 𝑊𝑁 + 𝑊𝑔 

𝑊𝑛𝑒𝑡 = −3 × 105 J + 106 J + 0 + 0 = 7 × 105 J 

Which translates into an increase of 7 × 105 J in kinetic energy. 

Skid Marks  

If we are considering the problem of the car accident, the accident examiner will often 

collect data about the length of the skid marks. This tells the examiner how far the car has 

travelled from the collision to where comes to rest, which is the displacement of the vehicle. The 

skid marks are made on the pavement because the friction between the tires and road makes the 

tires heat up so much they begin to melt.  

The examiner can then work backwards to determine how fast the car was going 

immediately after the crash. You could do this calculation using Newton’s Laws and the 

kinematics equations, but it is more straightforward to do it using the Work-Energy Theorem. 

The force that is doing work in this scenario is friction, and the work done by friction is causing 

a loss in kinetic energy. 

𝑊𝑓 = Δ𝐾 

−𝐹𝑓Δ𝑥 =
1

2
𝑚𝑣𝑓

2 −
1

2
𝑚𝑣𝑖

2 

We know that the final velocity of the car is zero because it comes to a stop. So all we 

need to know is the frictional force and then we can find the initial velocity (the velocity 

immediately after the collision). We’ll start by substituting in the definition of kinetic friction 

(𝐹𝑓 = 𝜇𝑘𝐹𝑁) and assuming that the car is on a level surface so that the normal force is equivalent 

to the gravitational force(𝐹𝑁 = 𝐹𝑔 = 𝑚𝑔): 

−(𝜇𝑘𝑚𝑔)Δ𝑥 =
1

2
𝑚𝑣𝑓

2 −
1

2
𝑚𝑣𝑖

2 

−(𝜇𝑘𝑔)Δ𝑥 =
1

2
𝑣𝑓

2 −
1

2
𝑣𝑖

2   (8) 

Note that if we write it this way, the mass cancels out! We know that the car comes to a stop, so 

the final velocity will be zero. We can rearrange equation (8) to solve for initial velocity: 

−(𝜇𝑘𝑔)Δ𝑥 = 0 −
1

2
𝑣𝑖

2 

𝑣𝑖
2 = 2𝜇𝑘𝑔Δ𝑥 

𝑣𝑖 = √2𝜇𝑘𝑔Δ𝑥   (9) 

In the example above, the force of friction was 3000 N. Let’s assume this stays the same 

after the collision and that the car comes to rest after skidding a distance of 14 m.  The mass of 

the car is 1200 kg. Before finding the velocity, we first need to calculate the coefficient of kinetic 

friction: 
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𝜇𝑘 =
𝐹𝑓

𝐹𝑁
=

3000 N

1200 kg (9.8
m
s2)

= 0.26 

Plugging these numbers into the above expression gives: 

𝑣𝑖 = √2(0.26)(9.8 m/s2)(14 m) = 8.45 m/s 

From here, we can use this information and the Conservation of Momentum to find the velocity 

immediately before the collision. This is the kind of analysis that is done to determine who was 

at fault in an accident. 

Elastic & Inelastic Collisions 

A collision is considered elastic if the total kinetic energy of the system is constant. That 

is, the sum of the kinetic energies of both objects involved in the collision is the same before or 

after the collision: 

𝐾𝑖,𝑠𝑦𝑠 = 𝐾𝑓,𝑠𝑦𝑠 

𝐾1,𝑖 + 𝐾2,𝑖 = 𝐾1,𝑓 + 𝐾2,𝑓 

If we think about this using the work-energy theorem, we see that in an elastic collision, no work 

is done. This means that the objects collide without losing any energy. Elastic collisions are rare, 

and typically only occur for very hard, rigid objects like billiard balls. 

When most objects collide, there is some deformation of the object. In a car crash, this 

might be the front end compressing. In fact, automobile engineers do this intentionally to 

decrease the acceleration of the vehicle in a crash. Figure 2 shows a tennis ball colliding with a 

racket. Most of the kinetic energy that is lost during this collision goes into the compression of 

the ball, and subsequent vibrations of the ball as it flies away. (Some is also lost to sound and 

heat produced in the collision.) This is called an inelastic collision. In an inelastic collision, 

kinetic energy is not conserved. However, momentum is always conserved in collisions. 

 

 

  

Figure 2: Tennis ball compressing during a collision with 

the racket. (Image credit: Physics World) 

http://www.hk-phy.org/contextual/mechanics/mom/impul03_e.html
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Modeling Accidents: Energy 
In this tutorial, we’ll see how energy can be used to mathematically model collisions. Predictions 

can be made using forces and kinematics, but the work-energy model provides a more direct way 

to calculate some of the changes in a system. We’ll be working with two forms of energy for this 

analysis: kinetic energy and the work done by friction (which takes the form of thermal energy). 

As a reminder, the definitions of these quantities are given below. 

Kinetic Energy:   𝐾 =
1

2
𝑚𝑣2 

Work:    𝑊 = 𝐹𝑥Δ𝑥 

Work-Energy Theorem: 𝑊 = Δ𝐾     

Force of Friction:   𝐹𝑓 = 𝜇𝐹𝑁 

Work done by friction: 𝑊𝑓 = −𝐹𝑓Δ𝑥 

We’ll go back to the Go Kart races to study how energy is related to force and momentum. You 

are zipping along at 15 m/s in your Go Kart when you rear-end your brother’s Go Kart. Your 

kart continues moving forward, but has slowed to 6 m/s. The total mass of the driver and the Go 

Kart is 150 kg.  

1. Draw free body diagrams of your kart before the collision. Also indicate the direction of 

motion for the Go Kart. 

 

 

 

2. For each of the forces drawn on the diagram above, determine if the work done is positive, 

negative, or zero. Explain your answers.  

 

 

 

3. Calculate the kinetic energy of your kart before and after the collision.  

 

 

 

4. How much kinetic energy did your kart loose during the crash?  
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5. How much work was done on your Go Kart during the collision? 

 

 

 

6. Draw a free body diagram of the cart during the collision. Where did the force come from 

that acted to slow down your Go Kart? 

 

 

 

7. After the crash, your Go Kart slides to a stop. Draw a free body diagram of the Go Kart now.  

 

 

 

 

8. What was the work done by friction to bring the kart to a stop? 

 

 

 

 

9. The skid marks on the track indicate that it took 8.5 meters for the Go Kart to stop. Use this 

information to calculate the frictional force that acted on the wheels of the kart. 

 

 

 

 

10. What is the coefficient of kinetic friction between the wheels and the track? 
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Lab: Work-Energy Theorem 
Up to this point, we have modeled the car accident before the collision (using kinematics and 

forces) and during the collision (using momentum). Now we want to consider what happens to 

the car after the collision. Typically, the accident investigator knows what the displacement of 

the car was after the crash.  

1. Draw a free body diagram of the forces acting on the car after the crash. (Assume the engine 

is no longer running!) 

 

 

2. What force causes the car to slow down after the crash? 

 

 

3. How does the direction of the acceleration compare to the direction of the velocity? 

 

 

4. What happens to the kinetic energy of the car after the crash? Qualitatively compare the car’s 

kinetic energy immediately after the crash to later when the car finally comes to rest.  

 

 

Let’s think about the relationship between these two observations: (1) the car loses kinetic 

energy, and (2) the frictional force is causing it to slow down. The connection between these two 

is the work-energy theorem: 

𝑊𝑓 = Δ𝐾 

Let’s assume that we can measure the displacement of the car after the crash. If we also know the 

frictional force between the tires and the pavement (or other surface) then we can calculate how 

fast the car was going immediately after the collision.  

If we know the velocity of the car after the collision, we can use the conservation of momentum 

to find out how fast the car was moving before the collision. This is the information the accident 

investigators need to find out! 

 

Your task for today’s lab is to use the work-energy theorem to determine the frictional force on 

a sliding block, and then calculate the coefficient of friction. In real life, this is the type of 

experiment that is done to determine the frictional coefficients for tires on different surfaces. 

Instead of a tire, we will use a wood block and you can choose the surface that it will slide 

across. To find the frictional force we will track the motion of the block after the “collision.” To 

simulate the collision, you will push on the block with your hand.  
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5. Think about what kind of data we can collect with the motion sensor. How will this help us 

to measure the change in kinetic energy of the block? 

 

 

6. Before you begin an experiment, it is a good idea to plan out what your final graph will look 

like. (Hint: think about the Work-Energy theorem.) 

a. On the axes below, indicate what you will plot on the x and y-axes. 

b. Make a prediction about the shape of the graph. 

c. What does the slope of the line physically represent?  

 

 

 

 

 

 

 

 

Procedure 

1. Open Capstone and make sure that it detects the motion sensor. If not, click on the 

appropriate port to add the sensor. 

2. You will need two graph displays; one for position and one for velocity.  

3. Give your block a push to simulate the collision. It works best to give it a sharp push and pull 

your hand away quickly. Be careful not to get your hand in front of the motion sensor. You 

should practice this a few times before taking data to make sure that you can push the block 

smoothly without it toppling over or falling off the track. 

4. Hit the record button to start collecting data. You should see a relatively sharp peak on the 

velocity graph. The peak velocity is when your hand lets go of the block. This is the “initial” 

velocity immediately after the collision.  
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Data & Analysis 

Mass of block: ______________ kg 

Initial Velocity Initial Position Final Position 

   

   

   

   

   

   

 

1. Enter your data into Excel. We will use Excel to calculate the change in kinetic energy and 

the displacement. Your table should look like the one shown below: 

Initial Velocity Change in KE Initial Position Final Position Displacement 

     

     

 

2. Make a plot in Excel like the one you drew on the previous page. Use your graph to find the 

frictional force. 

3. Calculate the coefficient of friction for this block/surface combination. 

 

Conclusion Questions 

Now that you know the coefficient of friction for your material, you can begin to solve the 

accident reconstruction problem. Let’s assume that the value you measured above was for a tire 

sliding across wet pavement. We now have a full-sized car involved in a collision. The force of 

friction changes, but the coefficient stays the same. The car in this crash is a Honda Civic and 

has a mass of 1,180 kg. The police examiner measures the skid marks to be 12.5 meters long.  

1. Use the work-energy theorem to determine how fast the Civic was going immediately after 

the crash. 
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2. The Civic was stopped at a light before the collision, when it was rear-ended by a Ford F150, 

which has a mass of 8350 kg. The driver of the truck claims that he was only going 10 mph 

(4.5 m/s) when he hit the Civic. If his claim is true, what would his speed be after the 

collision? Assume that all of the motion is happening in one-dimension. 

 

 

 

 

 

 

 

 

 

 

3. The police accident examiner measures the skid marks of the truck to be 8.7 m long. Use this 

information to determine whether or not the driver was being truthful about his speed at the 

time of the collision. Assume the truck tires have the same coefficient of friction as the car 

tires.  

  



46   Accident Reconstruction: Student Reader

  
 

Case Study: Trade Offs in Automobile Safety 
The Engineer’s Lament: Two ways of thinking about automotive safety 

By Malcolm Gladwell 

The New Yorker, May 4, 20151 

Part 1: The Man who Recalls Cars 

In the early nineteen-seventies, Denny Gioia worked in the recall office of the Ford 

Motor Company. His job was to read field reports from the engineers Ford had posted around the 

country. If a safety problem was spotted, the Ford representative in that district would write up 

the case on a standardized form—single sheet, two sides, sometimes with a photograph stapled to 

the page—and send it on to Detroit. 

Gioia looked for patterns. “You have to be able to identify something that’s breaking,” he 

said not long ago. “Otherwise, I’ve got an imaginary event. I try not to engage in magical 

thinking. I’ve also got to have a pattern of failures. Idiosyncrasies won’t do. Question is, do you 

have enough here indicating that these failures are not just one-off events?” He was looking for 

what he called “traceable cause.” 

From the case reports that came in, Gioia built files, hundreds of them. He posted updates 

on a large bulletin board listing all the recalls that Ford had open at the time. Once a week, he 

would drive to the “chamber of horrors”—a huge depot a few miles from Ford’s headquarters, 

where all the problematic parts and vehicles were sent. His responsibility was to put cases on the 

“docket,” the slate of potential recalls. There were five people in the office. They would go 

through every case on the docket and vote on whether to send it to the executive committee. 

“I was young, I was relatively low pay grade, but it was an extraordinarily powerful 

position, in the sense of being able to influence people to do things,” Gioia said. “If I picked up 

the phone and said, ‘This is Gioia from recall office,’ people jumped. I’m a twenty-six-year-old 

guy having people drop everything to respond to my requests.” 

“One of the cases I inherited when I got the job had to do with speed-control devices,” 

Gioia recalled. At the time, they were regulated by a vacuum valve, which was failing in two of 

Ford’s most expensive cars, the Lincoln Mark IV and the Thunderbird. “The Thunderbird is a 

behemoth,” Gioia said. “It’s got a four-hundred-and-sixty-cubic-inch engine hanging out at the 

front. I mean, the hood is almost as long as the rest of the car. And nothing you could do from 

inside the car could slow it down. You’re supposed to be able to hit the brake and shut it off. 

Nope, won’t do it. Hit the switch. No, it won’t shut off. This thing is in the accel mode. It weighs 

forty-five hundred pounds—it’s almost a light truck. It’s driven by little old ladies from 

Pasadena and it’s on its way to a hundred miles an hour. 

“The advice we got from the engineers was ‘Just tell the drivers to turn the ignition off.’ 

Well, then there’s no vacuum assist on the power brakes. Steering turns heavy. Ain’t nothing 

going on. So what would you rather have—somebody who can’t steer the car or stop the car or 

 
1 The text of this case study is from the New Yorker article. Each part of the case study corresponds to an excerpt 

from the article.  The entire article is available online at: https://www.newyorker.com/magazine/2015/05/04/the-

engineers-lament  

https://www.newyorker.com/contributors/malcolm-gladwell
https://www.newyorker.com/magazine/2015/05/04
https://www.newyorker.com/magazine/2015/05/04/the-engineers-lament
https://www.newyorker.com/magazine/2015/05/04/the-engineers-lament
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somebody who’s on his way to a hundred miles an hour? That’s a problem that’s going to kill 

someone.” 

The T-bird case was straightforward: clear traceable cause, obvious pattern of failure. 

Often, though, the troubles were more difficult to locate. Gioia could get twenty to twenty-five 

reports a day. The pace was unrelenting. Everything was a crisis. When he started, he was told, 

“We only have time to put out the big fires and piss on the little ones.” He said, “I had to become 

aware that you can’t attend to everything. You have to prioritize the most dangerous problems. 

Then you have to figure out when to pull the trigger. When do I actually have enough 

information that says it goes on the docket? Then how do I have enough information to make a 

compelling case to convince an executive panel that they really should spend thirty million 

dollars on a recall?” 

Questions 

1. Have you ever had a car recalled for faulty air bags, ignition switch malfunction, or any other 

reason? Did you get it fixed? Did you feel safer after the repair? Share with your group.  

 

 

2. Gioia isn’t a scientist, but he is using scientific problem solving skills in his job. Where do 

you see Gioia engaging in scientific thinking?  

 

 

3. What are the factors that need to be balanced when deciding whether or not to recall a faulty 

part?  

 

 

4. Knowing that the car companies can’t recall a car or part every time there is a safety issue, 

when do you think that manufacturers should issue a recall for faulty equipment?  

 

 

 

Part 2: Different Ways of Thinking 

There is an old joke about an engineer, a priest, and a doctor enjoying a round of golf. 

Ahead of them is a group playing so slowly and inexpertly that in frustration the three ask the 

greenkeeper for an explanation. “That’s a group of blind firefighters,” they are told. “They lost 

their sight saving our clubhouse last year, so we let them play for free.” 

The priest says, “I will say a prayer for them tonight.” 

The doctor says, “Let me ask my ophthalmologist colleagues if anything can be done for 

them.” 
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And the engineer says, “Why can’t they play at night?” 

The greenkeeper explains the behavior of the firefighters. The priest empathizes; the doctor 

offers care. All three address the social context of the situation: the fact that the firefighters’ 

disability has inadvertently created conflict on the golf course. Only the engineer tries to solve 

the problem. 

Almost all engineering jokes—and there are many—are versions of this belief: that the 

habits of mind formed by the profession enable engineers to see things differently from the rest 

of us. “A pessimist sees the glass as half empty. An optimist sees the glass as half full. The 

engineer sees the glass as twice the size it needs to be.” To the others, the glass is a metaphor. 

Nonsense, the engineer says. The specifications are off. He doesn’t give free rein to 

temperament; he assesses the object. These jokes, like many of the jokes people tell about 

themselves, are grievances. The engineer doesn’t understand why the rest of us can’t make sense 

of the world the way he does. 

Toyota’s safety crisis was, in a sense, a version of the golf-course conundrum. One of the 

problems facing the company was “sticky” accelerator pedals: drivers would take their foot off 

the accelerator, and in a small number of cases the pedal wouldn’t spring back up immediately. 

After four cases in Europe were brought to Toyota’s attention, the company determined that 

under conditions of high heat or humidity the synthetic material used in part of the pedal 

mechanism was degrading slightly. 

Toyota’s engineers approached the problem armed with the two concepts that define the 

engineer’s world: tolerances and specifications. A system’s tolerance is its ability to cope with 

changes and unplanned variation; systems need to be tolerant because you can never perfectly 

predict what stresses and unexpected behaviors they will encounter. Specifications are 

constraints. No one tells you to build a perfect car. People tell you to build a car in eighteen 

months that will sell for twenty-five thousand dollars. The fact that a car is revealed to be 

imperfect, in other words, is not sufficient reason to recall it: imperfections and compromises are 

inevitable. The issue is how tolerant the car is of those imperfections and compromises. 

Questions 

5. How do engineers approach problems differently than the general public? 

 

 

 

6. Explain how engineers have to make trade-offs in the design process. What trade-offs do 

automotive engineers have to make? What other trade-offs can you imagine engineers 

making when working on other projects? 
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Part 3: Toyota’s Sticky Accelerator Pedals 

The University of Michigan engineering professor Jeffrey Liker (writing with Timothy N. 

Ogden) describes what happened next in the book “Toyota Under Fire” (2011): 

The primary concern was determining if the sticky pedals affected the ability of drivers to stop their 

vehicles. This question is the hidden factor around which much of the subsequent controversy revolved: if 

the sticky pedals kept drivers from stopping or materially increased the amount of time required to bring a 

car to a halt, then the sticky pedals were clearly a safety defect and required immediate corrective action. If, 

on the other hand, braking performance was unaffected by the sticky pedals, then, the engineers felt, the 

pedals were not a safety defect but a customer-satisfaction and component-reliability issue. 

What did Toyota’s engineers find? When the pedal stuck, it made no difference in how quickly 

the car could be brought to a stop: the brakes were powerful enough to override the problem if 

applied with sufficient force. Then they looked at the federal accident database, and learned that 

no crash had been credited to a sticky accelerator pedal. The system was, to their mind, 

sufficiently tolerant of imperfection. They decided against an immediate recall, choosing instead 

to redesign the part and introduce it in new model lines. Their solution was not empathy or care. 

It was play at night. 

The public saw things very differently. They didn’t think about the necessary 

compromises inherent in the design process. They didn’t understand that a car was engineered to 

be tolerant of things like sticky pedals. They looked at the part in isolation, saw that it did not 

work as they expected it to work—and foresaw the worst. What if an inexperienced driver found 

his car behaving unexpectedly and panicked? To the engineer, a car sits somewhere on the 

gradient of acceptability. To the public, a car’s status is binary: it is either broken or working, 

flawed or functional. 

In the wake of the sticky-pedal problem, customers started complaining that Toyotas 

were prone to sudden, unintended acceleration. “Whenever someone called in to say, ‘I’ve had 

an episode of unintended acceleration,’ Toyota would dispatch a team of engineers,” said Roger 

Martin, a former dean of the University of Toronto’s Rotman School of Management and a 

member of the advisory panel that Toyota put together during the crisis. “And they would do a 

thorough examination of the car and pronounce it fine—because it always was—and assure the 

owner that everything was going to be fine. They were probably just pressing the accelerator 

when they thought they were pressing the brake. There wasn’t a problem. Just be more careful 

next time. And they got more and more complaints.” 

The engineers were right. A series of exhaustive investigations by federal regulators, with 

help from NASA engineers, established that the perception of an electronic failure was almost 

certainly illusory. The problem was caused either by the fact that some people put in poorly 

fitted, nonstandard floor mats or by the fact that drivers were pressing the accelerator thinking 

that it was the brake. (Pedal error, as it is known, is a well-documented source of vehicle 

malfunction, affecting drivers of many makes and models.) Cars are engineered to be tolerant of 

pedal error: the driver who depresses the accelerator, thinking it’s the brake, still has the option 

of simply putting the car in neutral or turning it off. (That’s one of the reasons that cars have 

gearshifts and ignition switches.) But in the public mind a car that accelerated unexpectedly 

was broken. The teams of engineers that Toyota sent out didn’t make the problem better. They 

made it worse. 



50   Accident Reconstruction: Student Reader

  
 

“The Toyota guy explained this to the panel,” Martin went on. “He said, ‘Here’s our 

process.’ So I said to him, ‘What do you imagine the people are thinking? They’re shaking like a 

leaf at the side of the road and after that whole experience they are told, “The car’s fine. Chill 

out. Don’t make mistakes anymore.” Of course they are not going to be happy. These people are 

scared. What if instead you sent people out who could be genuinely empathetic? What if you 

said, “We’re sorry this happened. What we’re worried about is your comfort and your confidence 

and your safety. We’re going to check your car. If you’re just scared of this car, we’ll take it 

back and give you another, because your feeling of confidence matters more than anything 

else.” ’ It was a sort of revelation. He wasn’t a dumb guy. He was an engineer. He only thought 

about doing things from an engineer’s standpoint. They changed what those teams did, and they 

started getting love letters from people.” 

7. In the example of the sticky accelerator pedals on Toyotas, how did the engineers view the 

problem differently than the general public? (How is this like the golf joke?) 

 

 

 

8. How did the company solve the problem? 

 

 

 

9. If you worked in the communications department for Toyota, how would you deal with the 

press in this situation? 

 

 

 

10. Later in the article, the author states: “To the public, a car either is or isn’t faulty. To an 

engineer, imperfections and compromises are inevitable.” Explain what this statement means 

in your own words.  

 

 

 

Part 4: Ford Pinto & the Exploding Gas Tanks 

On the afternoon of August 10, 1978, just outside Elkhart, Indiana, three teen-age girls 

stopped for gas on their way to a volleyball game. The driver was Judy Ulrich. Her cousin Donna 

and her younger sister Lyn were passengers. They were in a 1973 Pinto. At the gas station, as 

Lee Patrick Strobel recounts in his book “Reckless Homicide?,” a history of the Ulrich trial, the 

girls accidentally left the gas cap on the roof of the car, and after a mile or so it slipped off and 
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rolled across the road. Judy slowed down. There was a high curb along the side of the highway, 

so pulling off the road was impossible. She put on her emergency flashers. Coming down the 

road behind them was a van driven by a twenty-one-year-old man named Robert Duggar. He had 

two half-empty bottles of Budweiser next to him (although he wasn’t under the influence), and 

he took his eyes off the road for a moment as he reached for a cigarette. When he looked up, the 

Pinto was ten feet in front of him. He could not stop in time. The Pinto exploded in flames. 

Shards of glass scattered in every direction. The car spun around and around, stopping a hundred 

and fifty feet from the point of impact. The fire reached almost thirteen hundred degrees, melting 

the sunglasses around Lyn’s eyes. Lyn and Donna were killed instantly. Judy Ulrich lay in the 

grass with burns over ninety-five per cent of her body, crying out, “Help me. Please, help me.” 

She died eight hours later. 

The Ulrich crash is what led to Ford’s being charged with homicide. It is also very 

similar to the Pinto case that had come across Denny Gioia’s desk five years earlier: a rear 

collision, leading to a fire. In Gioia’s case, however, the kinds of detail that made the Ulrich case 

so emotionally compelling—the three girls, the volleyball game, the melting sunglasses, Judy 

Ulrich’s cry for help—were absent. He had a typed double-sided sheet, with photographs. That’s 

what a recall officer sees. It would come in the morning mail with a pile of other case reports, 

not as the subject of a “60 Minutes” exposé or a sensational front-page story. He would see that 

people had died. But a death to him does not register the same way as a death does to us. The 

recall officer goes to the chamber of horrors every week. He looks at car crashes for a living. 

“People dying was a normal part of the job,” Gioia said. “It really affected me when I first 

started. I had a hell of a time getting used to what was required, because the first thing that gets 

you going is always an awareness that someone has been grievously injured or killed in one of 

your products. And the only thing I’ll say to you is You’ve got to get over that. If you want to let 

emotion drive the recall coördinator’s job, you ain’t going to be a very good recall coördinator. 

You have to accept that, if you’re a manufacturer who’s building a product like a vehicle, people 

are going to get killed.” 

So imagine the case in the recall officer’s stripped-down version. The relevant question is 

not who died. He’s not dwelling on the tragedy of three teen-age girls. His question is: Why did 

they die? The prosecutor in the Ulrich trial, Michael Cosentino, said that Ford was to blame. 

Why didn’t blame reside with the municipality, which built a highway with a curb that made it 

impossible for anyone to pull over safely? Or with Robert Duggar, who casually reached for a 

cigarette and took his eye off the road? 

Cosentino’s answer was that he had traceable cause. As Strobel recounts, Cosentino 

argued in his opening statement that there was something inherent in the Pinto’s design that 

“invited fire in the event of normal highway collisions.” This allegation was made repeatedly in 

the many lawsuits involving the Pinto. The Pinto’s gas tank sat behind its rear axle—instead of 

above it—and was separated from the back bumper by only a few inches of “crush space.” In a 

rear collision, the tank would be slammed against exposed studs on the axle, punching holes in 

the tank, ripping out the fuel-filler neck, and spilling gas into the passenger cabin. If any part of 

the metal scraping on metal or metal scraping on pavement that is typical in a crash produced a 

spark, the car would erupt into a fireball. A few months before the Ulrich crash, the N.H.T.S.A. 

released the results of an investigation into the Pinto’s safety record, detailing thirty-eight 

instances in which a Pinto had been struck from behind and burst into flames. Under pressure 

from the N.H.T.S.A., Ford eventually agreed to install a plastic protective “flak jacket” between 
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the gas tank and the axle. The Ulrich crash was in August of 1978. The recall was supposed to 

start that fall. Hence the trial, and the pressing question: Why did Ford wait until 1978 to fix the 

gas tank of a car that first came out in 1970? 

But does a rear-positioned gas tank qualify as traceable cause? Traceable cause suggests 

a deviation from the norm. It turns out, however, that most compacts of that era had fuel tanks 

behind the rear axle. A former head of the N.H.T.S.A. testified on Ford’s behalf, stating that in 

his opinion the Pinto’s design was no more or less safe than that of any other car in its class, like 

the Chevrolet Vega or the A.M.C. Gremlin. Under cross-examination, one of the chief witnesses 

for the prosecution—an automobile-safety consultant named Byron Bloch—conceded the point. 

In “Reckless Homicide?,” Strobel writes: 

Bloch agreed that the American Motors Gremlin, Chevrolet Vega, and Dodge Colt had their gas tanks 

behind the axle; that those cars had essentially the same bumpers (“I would say that they were all bad,” 

Bloch said); that the Vega had no body rails at all; that all four cars had somewhat similar distances from 

the tank to the rear bumper; that all of them had at least some sharp objects near the tank; and that the 

thickness of the gas tank metal on the Pinto was in the upper one-third of other 1973 (era) cars. 

Here are the deaths per million vehicles for 1975 and 1976 for the best-selling compact 

cars of that era, compiled by Gary T. Schwartz in his landmark law-review article “The Myth of 

the Ford Pinto Case”: 

 

Suppose we focus just on the subset of accidents involving a fire. That’s a rare event—it 

happens once in every hundred crashes. In 1975-76, 1.9 per cent of all cars on the road were 

Pintos, and Pintos were involved in 1.9 per cent of all fatal fires. Let’s try again. About fifteen 

per cent of fatal fires resulted from rear collisions. If we look just at that subset of the subset, 

Schwartz shows, we finally see a pattern. Pintos were involved in 4.1 per cent of all rear-

collision fire fatalities—which is to say that they may have been as safe as or safer than other 

cars in most respects but less safe in this one. … 

[Gioia] went on, “So many people, especially the people writing about G.M. right now, 

are saying, ‘It’s a collection of bad actors, and they have inured themselves to their 

responsibilities.’ But I think it’s important to say that, at least in the recall office where I worked, 

it was not populated by a collection of ogres. They were people that cared.” 

That is, these were people who cared about the problems they thought were problems. 

The entire time that Gioia was working on the Pinto case, he drove a Pinto. “Look, the facts of 

the matter are that in normal use this car is perfectly fine,” he said, shrugging. Later, he sold his 

Pinto to his sister, for six hundred dollars. At the time, the Pinto was being tried in court for the 

murder of three teen-age girls. But it should be remembered that, in the end, Ford won the Ulrich 

case. The engineers got the chance to present their evidence, and their testimony carried the day. 

 



Accident Reconstruction: Student Reader  53 

 

11. The question asked at the Ford Pinto trial was “Why did Ford wait until 1978 to fix the gas 

tank of a car that first came out in 1970?” How would you answer this question? 

 

 

 

12. The engineer from the Pinto case states that he doesn’t think the recall helped to solve the 

problem. If that is true, why would Ford issue a recall? 

 

 

 

Part 5: Speed Cameras & Traffic Stops 

Evans is a physicist and a member of the National Academy of Engineering, who worked 

for years for General Motors, and you get a clear sense of what he would like to see: the causes 

of traffic fatalities ranked in order of significance, and a safety campaign organized accordingly. 

Excessive speed, for example, is implicated in an overwhelming number of fatal crashes. Traffic 

enforcement cameras—“speed cameras”—have been shown, conclusively, to reduce road 

fatalities. Western European countries have been aggressive in adopting speed cameras, which is 

one of the main reasons that their road deaths have fallen so dramatically. The United States has 

not. Even simple police enforcement of the speed limit, in some states, has been lacking. A few 

years ago, the economists Gregory DeAngelo and Benjamin Hansen wrote a paper looking at 

road deaths and injuries in the state of Oregon, which—in part because of a “tax revolt”—has cut 

the size of its highway patrol repeatedly since the end of the nineteen-seventies. “We find that 

Oregon would have experienced 2,302 fewer fatalities from 1979-2005 if the number of state 

police had been maintained at their 1979 levels,” the two concluded. 

There is also a clear, demonstrated relationship between the cost of alcohol and the 

number of drunk-driving deaths. Research has shown that raising social awareness around drunk 

driving—as groups like Mothers Against Drunk Driving have done—is not enough. In most 

Western European countries, the sales tax on alcohol ranges between sixteen and twenty-five per 

cent. In the United States, it is somewhere between one-half and a third of the European rate—

and because the federal excise is a flat amount (not a percentage of the sales price) it falls every 

year with inflation. 

“There are extremely negative outcomes that are responsive to the price of alcohol, like 

highway fatalities,” the economist Philip J. Cook, who has written extensively on the subject, 

says. “I estimated that the tax increase associated with the 1991 excise tax saved sixty-five 

hundred lives the first year from trauma-related accidents of various kinds. It was an 

extraordinarily effective measure from the public-safety perspective. What is distressing to me is 

that it has been allowed to erode. And there is a large segment in Congress seeking to repeal the 

1991 increase entirely.” 

In the United States, issues like taxes or speed cameras tend to be framed in political 

terms—as matters of individual liberty or economic freedom. But Evans’s point is that we have 

overlooked the fact that these issues are essentially about public safety. Would the people of 
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Oregon have voted so overwhelmingly in favor of an anti-tax ballot measure if they had realized 

that they were condemning thousands of their fellow-citizens to death? 

The number of deaths associated with drinking and speeding obviously dwarfs the 

number associated with the kind of auto-safety controversies that grab our attention. The 

N.H.T.S.A.’s conclusion was that, in the first seven years that the Pinto and its later companion 

model the Bobcat were on the road, two dozen of their occupants were killed by fires from rear 

collisions. The number of deaths linked to the Toyota sudden-acceleration complaints was about 

the same. The deaths associated with G.M.’s ignition-switch malfunction have so far totalled 

around fifty. More people died in an average year in Oregon as a result of too few traffic police 

than died in all three of those controversies combined. And those are just the fatalities that 

resulted from a single variation in one factor in one small state in one twenty-five-year period. 

The other obvious fact is that the variables that really matter have to do with the driver, 

not the car. The public approach to auto safety is preoccupied with what might go wrong 

mechanically with the vehicles we drive. But the chief factor is not what we drive; it is how we 

drive. Richard Schmidt, who is perhaps the world’s leading expert on pedal error, says that the 

Toyota sudden-acceleration controversy ought to have triggered a national discussion about safer 

driving. He argues for overturning the deeply held—and, in his view, irrational—proscription 

against two-foot driving. If drivers used one foot for the accelerator and the other foot for the 

brake, he says, they would be far less likely to mistake one pedal for the other. Accidents could 

be prevented; lives could be saved. But in order to talk about solving the pedal-error problem 

you have to accept the fact that, when it comes to saving lives, things like the number of police 

on the road, and the price of alcohol, and the techniques we use to drive our cars are vastly more 

important than where a car’s gas tank is mounted. 

“I would argue that our nation has a low tolerance for fatalities associated with airplanes,” 

the N.H.T.S.A.’s David Friedman told me, when we spoke late last year. “In part because of that, 

fatalities are very, very low from aircraft. Also in part because of that, the F.A.A. has close to 

fifty thousand employees—an order of magnitude more employees than we do. We have six 

hundred. To deal with ten thousand people who are dying from drunk driving or ten thousand 

dying because they didn’t wear a seat belt, or the three thousand dying from distracted driving, or 

the four thousand dying because they are pedestrians or bicyclists and they are hit by a car. 

That’s why the Administration has been asking Congress for more resources for us. With more 

resources, we could save more lives. And each time the answer from Congress has been no. 

Zero.” 

13. Are you convinced that traffic fatalities could be reduced by installing speed cameras and 

increasing taxes on alcohol? Explain your position. 

 

 

 

14. Make an argument for implementing these policies from a public safety perspective.  
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15. Make an argument against these policies from a civil liberties perspective.  

 

 

 

16. The data shows that far more people die in traffic accidents related to drinking and speeding 

than faulty cars. Why do you think this issue does not receive as much attention in the news? 
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Case Study: Accident Reconstruction 
This activity is based on the following article from The Physics Teacher, which recounts a 

physics teacher’s experience serving as an expert witness at a trial regarding an automobile 

accident. Read the article and then complete the questions below. 

Feldman, B. (1997). Elementary Physics in a Real Automobile Accident. The Physics Teacher. 

vol. 35, no. 6 (September 1997): 335-338. 

1. What kind of data was included in the police report for this accident? 

 

 

2. How was the coefficient of kinetic friction determined? What does T represent in equation 

(1)? 

 

 

 

3. Do you think it was reasonable for the police to assume that the coefficient of friction is 

independent of velocity? Explain your reasoning. 

 

 

 

4. Repeat the author’s calculation of the velocity of the car immediately after the collision.  Do 

you get the same answer? 

 

 

 

 

 

5. What makes it more difficult to calculate the velocity of the truck after the collision? 

 

 

 

6. Given these assumptions, what do they calculate is the final velocity of the truck? 
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7. Use the information presented in the article to sketch the accident, including vectors 

representing the momenta of the vehicles before and after the collision. 

 

 

 

 

 

8. Find the total momentum for each vehicle immediately after the collision. Find the x and y-

components of the momentum for each vehicle.  

 

 

 

 

9. Fill out the momentum tables to determine the velocity of each vehicle before the collision. 

x-direction Car Truck System 

�⃑�𝑖  

 

  

Δ�⃑�  

 

  

�⃑�𝑓  

 

  

 

y-direction Car Truck System 

�⃑�𝑖  

 

  

Δ�⃑�  

 

  

�⃑�𝑓  

 

  

10. The author presents two scenarios. What are the differences in the assumptions made in 

Scenario I and Scenario II? 
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Equation (8) is a version of the work-energy theorem, where the kinetic energy lost during the 

collision is going into the compression of the vehicles. In this equation, k represents the elasticity 

of the material the car is made of. (This is technically called the spring constant, even though it 

doesn’t bounce back like a spring in this case.) The distance that the front end of the car is 

compressed is represented by the variable s. 

11. The author states that the difference in compression distance for the two scenarios is a factor 

of 1.8 (𝑠𝐼 = 1.8𝑠𝐼𝐼). Do you think an experienced accident examiner would be able to spot 

this difference qualitatively at the scene of the crash? 

 

 

 

12. Look at Figures 3 and Figures 4. Why does the author claim that a collision was 

unavoidable? Do you think the truck driver had time to avoid the accident?  

 

 

13. The car’s driver claimed that he came to a stop at the red light. How does the author refute 

this claim? 
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Project: Accident Reconstruction 
The final project for this unit will be to act as the accident investigator and determine who is at 

fault in an automobile collision. This will require you to draw on your knowledge of kinematics, 

forces, momentum, and energy. You will write up your conclusions as a formal report that could 

be presented to the judge in traffic court.  

In your final report, use the Claim-Evidence-Reasoning format to structure your argument. 

Your evidence will be based on the data collected by the accident investigator, and the reasoning 

will be your calculations. Use both words and equations to explain your reasoning.  

A few tips as you are working through the accident: 

• Be sure to read all of the information provided. Start by sorting out what is data and what 

is a claim being made by the defendant. 

• Draw a picture of the situation before the collision, during the collision, and after the 

collision. You may also find it helpful to draw free body diagrams. 

• The questions embedded in the scenarios will help you to work through the data. You 

will synthesize the answers to these questions in your report. 

• Label all of the distances and velocities carefully, and be consistent with your notation 

throughout. For example,  I would recommend the following notation to keep track of 

velocities: 

o Initial velocity (a while before the collision) = 𝑣𝑜 

o Velocity immediately before the collision = 𝑣1 

o Velocity immediately after the collision = 𝑣2 

o Final velocity after the car slides to a stop = 𝑣3 

 

Grading Rubric 

Criteria Points 

Awarded 

Points 

Possible 

Introduction describes the scenario and includes relevant diagrams.  10 

Claim is clearly articulated stating who is at fault.  5 

Evidence is used to justify claim. If possible, explain how the data was 

collected. 

 5 

Reasoning is clearly articulated. Mathematical and verbal arguments 

are used to demonstrate how the available evidence led to the claim 

being made. 

 30 

TOTAL  50 
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Accident #1 

Your consulting agency, with its extensive knowledge of physics, has been subpoenaed to 

provide expert testimony at an automobile accident case in civil court. The case involves a crash 

between a Ford Fiesta (compact car) and a tractor-trailer truck. Read the police report below and 

use the information to determine who is at fault for the accident.  

• The pre-crash angle between the velocities of the truck and car was 90o. The truck was 

traveling East on Regent St., and the car was traveling South on Park St. 

• After the collision, the truck and car skidded to a stop. The car skidded a distance of 6.2 

m at an angle of 30o South of East before stopping, while the truck skidded 13.5 m at an 

angle of 10o South of East before stopping.  

• The mass of the car is 1180 kg and the mass of the truck is 7300 kg. 

• The police determined the coefficient of friction between the car tires and the asphalt to 

be 𝜇𝑘 = 0.65, and the coefficient of friction between the truck tires and the asphalt to be 

𝜇𝑘 = 0.72. 

• What was the speed of each vehicle just after the collision? 

• What was the speed of each vehicle just before the collision? 

• Cases in traffic court revolve around determining who is at fault. As an expert witness, 

what is your assessment of the claims of the two drivers?  

 

Some information to help you make your decision: 

• At this intersection at night, the traffic light is flashing. The truck driver had a flashing 

yellow light while the car driver had a flashing red light.  

• The car driver claims to have made a full stop at the light before entering the intersection. 

Police measurements show that the distance for the car from the traffic light to the 

collision point was 12.0 m. 

• The truck driver claims that the car ran the flashing red light. He also claims to have 

begun braking in anticipation of a collision; traveling at only 11 m/s at the moment of 

impact.  

• Ford Motor Corporation specifications indicate that the maximum acceleration of a 

comparably loaded Ford Fiesta is about 3.6 m/s2. 
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Accident #2 

This accident was adapted from the Crash Reconstruction Proficiency Test administered by the 

Ohio State Highway Patrol in 1995.  

• Before the collision, vehicle A was traveling east on Main Street and vehicle B was 

traveling north on High Street. At this intersection, traffic on High Street is controlled by 

a stop sign while traffic on Main Street is uncontrolled. 

o The driver of vehicle A states he was traveling 25 mph (11 m/s) as he approached 

the intersection. He continues to state that vehicle B ran the stop sign at High 

Street, pulling out in front of him and causing the crash. 

o The driver of vehicle #2 states he stopped at the stop bar and carefully looked 

both left and right before pulling out to cross Main Street. (From the stop bar, 

vehicle #2 would have traveled 30 feet (9.1 m) to the point of impact.) He further 

states that he did not see the other car until the moment of impact. Confident that 

he had carefully looked both ways before pulling out, his only explanation for the 

crash is that vehicle #1 was speeding and concealed by a hill crest located on 

Main Street approximately 1000 feet (300 m) west of the intersection. 

• After the collision, both vehicles experienced wheel lock due to crash damage and 

skidded over asphalt (𝜇𝑘= 0.72) followed by grass (𝜇𝑘 = 0.35). Neither surface had any 

significant incline. 

o Vehicle #1 skidded on 20 feet (6.1 m) of asphalt and 30 feet (9.1 m) of grass 

before coming to rest. The angle of departure for vehicle #1 was 45o north of east. 

The weight of vehicle #1 including load and occupants was 4300 lb. (19,200 N). 

o Vehicle #2 skidded on 25 feet (7.6 m) of asphalt and 35 feet (10.7 m) of grass 

before coming to rest. The angle of departure for vehicle #2 was 35 o north of east. 

The weight of vehicle #2 including load and occupants was 3 150 lb. (14,000 N).  

o An acceleration test was conducted with a vehicle similar in weight and 

performance to vehicle #2. It was found that the maximum acceleration rate for 

vehicle #2 would have been 2.0 m/s2 at the time or the accident. 

 

1. Sketch a diagram of the accident showing the path of each vehicle before and after 

collision. Include all the relevant distances on the paths. Label each vehicle, label the 

streets, and label the different surfaces (asphalt and grass). Indicate the location of the 

stop sign, stop bar, and point of collision. 

2. What was the speed of each vehicle just after the collision? 

3. What was the speed of each vehicle just before the collision? 

4. Assess the claims of the two drivers. Justify your response with the appropriate 

calculations. 

Adapted from: David Larabee. "Car Collisions, Physics and the State Highway Patrol." The 

Physics Teacher. vol. 38, no. 6 (September 2000): 334-336. 
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Accident #3 

Two cars were involved in a collision.  Car A (𝑚𝐴 = 2000 kg) was heading east on Oak St. 

before the accident, while Car B (𝑚𝐵 = 2500 kg) was travelling north on Wilson St.  After the 

collision the cars slid together in a direction 60 degrees North of East.  The cars slid over 5.0 m 

of pavement and 3.6 m of grass.  There is evidence that Car A applied its brakes before the 

collision, and skidded with locked wheels for 23.1 m before the collision.   

The driver of Car A says he was travelling below the posted speed limit of 45 mph (20 m/s), 

before seeing Car B run a stop sign, and drive into the intersection.  He claims to then have 

applied the brakes, but could not stop before colliding with Car B. 

The driver of Car B claims he stopped at the stop sign (12 m before the collision), before 

proceeding into the intersection. 

1. Sketch a diagram of the accident showing the path of each vehicle before and after 

collision. Include all the relevant distances on the paths. Label each vehicle, label the 

streets, and label the different surfaces (asphalt and grass). 

 

2. If the coefficient of kinetic friction between tires and asphalt is 0.6, and between tires and 

grass is 0.3, what was the speed of the two cars (stuck together) right after the crash? 

 

3. What was the speed of each car just before the collision? 

 

4. If (again) the coefficient of kinetic friction between tires and asphalt is 0.6,was Car#1 

speeding before It tried to stop? 

 

5. If the maximum acceleration of Car #2 is 4.3 m/s2, is it possible that car #2 stopped at the 

stop sign? 

 

 

 

 

 


