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Collisions
Introduction

Rationale --These activities will use equations and principles of physics that are used
by accident reconstructionists. Accident reconstructionists can reconstruct many
properties of a collision by examining the after effects of the collision. Many of these
topics involve difficult mathematics; however, this module will provide basic
principles and equations used by accident reconstructionists. Students will learn that
when velocity is doubled, energy or force dissipated in a collision is quadrupled. They
will also learn that the stopping distance is quadrupled as well. This will lead to a
better understanding of traffic safety issues like speeding, pulling out in front of or
cutting off a moving vehicle, and how far back one should follow a car. Students will
also learn the importance of wearing a seat belt by doing activities where they
calculate the forces involved. Finally students will learn about the propensity of a car
to rollover in one of three different modules. Each module is designed for students
with a specific mathematical background.

Objectives—(NSES Standard A)
 Use mathematical models to guide and improve posing questions,
constructing explanations, and communicating results.
 Communicate and defend a scientific argument through: expressing
concepts, reviewing information, and constructing a reasoned argument.
 Formulate an explanation using a mathematical model.
 Use mathematics to improve investigation.
 Formulate explanations that are logically consistent and abide by the rules of
the evidence.
—(NSES Standard B)
 Objects change motion only when a force is applied.
 Energy can be transferred in collisions; however, it is never destroyed.
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Collisions Module Activity

Dates ____________________________

Day

Class ____________________

Students will:

Duration

O
n
e

1) Discuss how collisions follow surprisingly simple equations
2) Explore the Equations of Motion Activity
3) Students share findings and develop a class consensus

1) 5-10 minutes
2) 30 minutes
3) 5-10 minutes

T
w
o

1) Explore What is my stopping distance Activity

1) 45 minutes

T
h
r
e
e

1) Explore Estimating stopping distance (lab)

1) 45 minutes

F
o
u
r

1) Explore why should I wear a seatbelt activity

1) 45 minutes

F
i
v
e

1) Introduce How does a car rollover
2) Explore appropriate How does a car rollover activity

1) 5-10 minutes
2) 45 minutes (Fund.&Norm)
70 minutes (Advanced)
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Collision Module teacher materials

Name ________________________________________

Date ___________

Equations of Motion
Teacher’s Guide
Purpose/Objectives: Students will…
• Discover/Derive the equations of motion.
• Apply algebra and geometry skills to a scientific
application.
• Classify a physical relationship graphically.

You will use the graph below to derive the equations of kinematics in physics.

(0,0)

We know that the slope-intercept equation of a line is y = mx + b . In this graph,
however, the vertical axis is velocity and the horizontal axis is time. So the equation
becomes v = mt + b . The slope ( m ) of a line is the change in the vertical axis divided
by the change in the horizontal axis. The change in velocity ( v f − v0 ) divided by the
change in time ( t − 0 ) is equal to the average acceleration. Since this is a straight line
we have a constant slope or in this case a constant acceleration. The velocity at
time t = 0 is referred to as v0 . So our final equation for this line is v f = at + v0 , but it is
usually written v f = v0 + at . All of the equations you will develop in this exercise will
only be true if acceleration is constant.

OU RET 2006

-1–

Collisions Module Activity

Name ________________________________________

Date ___________

The displacement of an object can be found from a velocity vs. time graph by
finding the area under the graph. In this case it is the graph of the line ( v f = at + v0 ).
Find the area under the graph of the solid line to find a formula for displacement
( d − d0 ). (Hint: Remember to combine like terms when possible.)

(0,0)
The area under the solid line is broken up into two geometric shapes, a triangle and a
rectangle. The area of the rectangle is length time width. The length of the rectangle is
t − 0 = t and the width of the rectangle is v0 − 0 = v0 . So the area of the rectangle is v0t . The
area of a triangle is ½ the base times the height. The base is t − 0 = t and the height is

v f − v0 . So the area of the triangle is
development continues as follows.

1
(v f − v0 )t . So the displacement equation
2
1
d − d0 = v0t + (v f − v0 )t
2
1
1
d − d0 = v0t + v f t − v0t
2
2
1
1
d − d0 = v0t + v f t
2
2
1
d − d0 = (v f + v0 )t
2
1
d = d0 + (v f + v0 )t
2

Use distributive property on last term
Combine like terms
Factor
Solve for d (the way it shows up in texts)

OU RET 2006

-2–

Collisions Module Activity

Name ________________________________________

Date ___________

You now have two formulas. Use the equation of the graph; v f = at + v0 , substitute for
v f into the equation from the area under the graph.
Starting with d − d0 =

1
(v f + v0 )t and v f = at + v0 substitute in for v f .
2

Rest of derivation

d − d0 =

1
(at + v0 + v0 )t
2

Combine like terms

d − d0 =

1
(at + 2v0 )t
2

Use distributive property

d − d0 =

1 2
at + v0t
2

Solve for d (the way it shows up in texts)

d = d0 + v0t +

1 2
at
2

Now solve the equation of the graph v f = at + v0 for time and substitute into the
equation from the area under the graph. Solve the new equation for v f 2 .

t=

Solve for t

Substitute for t in d = d0 +

v f − v0
a

(v f − v0 )
1
d = d0 + (v f + v0 )
a
2

1
(v f + v0 )t
2

d = d0 +

Combine items in last term

(v f 2 − v0 2 )
2a

d − d0 =

Bring d0 to other side

(v f 2 − v0 2 )
2a

Multiply both sides by 2a

2a(d − d0 ) = v f 2 − v0 2

Solve for v f 2

v f 2 = v0 2 + 2a(d − d0 )

The students now have the four kinematics equations for constant acceleration. Again these
equations will only work when acceleration is constant. The equations of motion for nonconstant acceleration require calculus.
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Collisions Module Activity

Name ________________________________________

Date ___________

What is my stopping distance?
Student Discovery Activity Teachers Guide
Purpose/Objectives: Students will…
• Discover how speed affects the stopping distance of an
automobile.
• Derive the minimum speed formula.
When police need to determine the speed of a car that is involved in a collision, they use
the work-kinetic energy theorem to determine the minimum velocity that the car was
going before it left skid marks on the road. The officer can measure the distance of the
skid and can look up the coefficient of friction (a measure of how effectively the surface
transfers the weight of the vehicle into friction) for a given set of tires.
The work-kinetic energy theorem states that the change in kinetic energy of a system is
equal to the work done on that system or ΔKE = W . ΔKE =

1
1
mv f 2 − mv0 2 and
2
2

W = F * d . Since the car is losing kinetic energy when it skids, then the left hand side of
the work-kinetic energy theorem is negative. Since the force of friction is being applied in
a direction opposite of the vehicle’s movement then the force is negative also. Do not
forget to add a negative sign to the force.
Derive the minimum speed formula in the space provided below. For now assume that
the car stops at the end of the skid.

1
1
mv f 2 − mv0 2 and W = F * d gives us
2
2
1
1
F * d = mv f 2 − mv0 2
2
2
1
1
− µ mgd = mv f 2 − mv0 2
2
2

ΔKE = W and substituting in the equations ΔKE =

Use Friction Ff = µ mg

1
− µ mgd = − mv0 2
2

Let v f = 0

1
mv0 2
2

The mass and negative sign cancel

µ gd =

Solve for v0

v0 = 2gµd

g = 9.8

m
s2
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Collisions Module Activity Teachers Guide

Name ________________________________________

Date ___________

Now that you have the minimum speed formula, calculate the minimum speed for the
following skid marks.
1) 20 meters on dry pavement (μ=0.8)

v0 = 19.6 µd so v0 = 19.6(0.8)(20) = 17.7

m
s

2) 40 meters on wet pavement (μ=0.6)

v0 = 19.6 µd so v0 = 19.6(0.6)(40) = 21.7

m
s

3) 80 meters on snow packed pavement (μ=0.2)

v0 = 19.6 µd so v0 = 19.6(0.2)(80) = 17.7

m
s

4) 110 meters old tires on dry pavement (μ=0.7)

v0 = 19.6 µd so v0 = 19.6(0.7)(110) = 38.8

m
s

Calculate the skidding distances using the same formula. Remember that the conversion
from mph to m/s is to multiply by 0.44794.
5) Car traveling at 20 mph on dry pavement (μ=0.8)

20 mph * 0.44794 = 8.96
v0 = 19.6 µd so 8.96

m
s

m
= 19.6(0.8)(d) ⇒ d = 5.12m
s

6) Car traveling at 40 mph on dry pavement (μ=0.8)

40 mph * 0.44794 = 17.92
v0 = 19.6 µd so 17.92

m
s

m
= 19.6(0.8)(d) ⇒ d = 20.5m
s

7) Car traveling at 60 mph on dry pavement (μ=0.8)

60 mph * 0.44794 = 26.88
v0 = 19.6 µd so 26.88

m
s

m
= 19.6(0.8)(d) ⇒ d = 46.1m
s

8) Car traveling at 40 mph on wet pavement (μ=0.7)

40 mph * 0.44794 = 17.92
v0 = 19.6 µd so 17.92
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Collisions Module Activity Teachers Guide

Name ________________________________________

Date ___________

Answer the following questions based on your calculations
9) How does doubling the speed affect the stopping distance?
Compare numbers 5 and 6 and the distance has increased by a factor of 4.
(This is because the stopping distance varies as the velocity squared)

10) How does tripling the speed affect the stopping distance?
Compare numbers 5 and 7 and the distance has increased by a factor of 9.
(This is because the stopping distance varies as the velocity squared)

11) How does wet pavement affect the stopping distance?
Compare numbers 6 and 8 and the distance has increased by about 14%.
(This is because the stopping distance varies one to one with the coefficient of
friction, and 0.8 is about 14% larger than 0.7)

12) Give some reasons why the formula is called the minimum speed formula.
This is a minimum speed formula for several reasons. First, cars do not always
leave a mark as they skid on the highway. Second, the car can slow down by the
force of the brakes on the wheels. This formula only works for when the tires are
skidding. So the car could have slowed down a lot before the marks were left.

13) *Can the police still effectively use the minimum speed formula for skid marks that
end with a non-zero velocity? Explain
Yes. You can use the kinetic energy-work theorem as follows. If you know the
speed at collision (from linear momentum) you can plug it in for v f into the equation

− µ mgd =

1
1
mv f 2 − mv0 2 . You can also use the minimum speed formula as if the final speed
2
2

was zero and plug it into the Pythagorean theorem with the velocity at the time of collision
and you will get the same answer.
Example: µ = 0.8, v f = 20, v0 = ?, d = 40m
Method 1: − µ mgd =

1
1
mv f 2 − mv0 2
2
2

Method 2: v0 = 19.6 µ d

−(0.8)(9.8)(40) =

1
1
m
(20)2 − v0 2 ⇒ v0 = 15
2
2
s

v0 = 19.6(0.8)(40) ⇒ v0 = 25

m
s

To get the real original velocity plug this calculated one into the formula

v0 2 − v f 2 and the answer is the real original velocity.
25 2 − 20 2
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Collisions Module Activity Teachers Guide

Name ________________________________________

Date ___________

Estimating stopping distance
Laboratory Activity Teacher Guide
Purpose/Objectives: Students will…
• Discover how speed coupled with reaction time affects the
stopping distance of an automobile.
• Estimate calculated distances in real space.
• Collect/record data and analyze results.
When driving a vehicle it is helpful to know how far your car will travel if you had to put your
brakes on and stop as quickly as possible.
First measure your reaction time by having a partner hold a 30cm ruler vertically. Position
your hand at the bottom of the ruler where the 0cm mark is in between your thumb and
index finger. Your lab partner is to let go at a random time and you are to catch it. The
table below provides you with your reaction time. Run the experiment for 5 times for each
person and average your reaction time.

Trial 1

Trial 2

Trial 3

Trial 4

Trial 5

Average

Distance
Reaction Time
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Collisions Module Activity Teachers Guide

Name ________________________________________

Date ___________

Now that you have your reaction time, you will be able to calculate how far the vehicle you
are driving will move while you are reacting. One might think that this time is so small that it
will not matter, but at vehicular speeds it can add a significant amount. The formula for the
distance traveled during reaction time is--distance equals velocity times the reaction time or
d = vt .
Since the brakes have not been applied yet the car is traveling at a constant velocity during
the reaction time.
Your teacher will provide you a speed for a car. (You might give them a mph speed so they
have a good understanding of how fast it is going.) Remember that the conversion from mph
to m/s is to multiply by 0.44794.
.

ex. 50mph * 0.44794







m

= 22.4 m s
mph
Calculate the distance that the car travels during your reaction time.
Say the reaction time is 0.150 seconds. d = vt ⇒ d = (22.4 m s ) * (0.15s) = 3.36m .
s

Calculate the rest of the stopping distance using the minimum speed formula.
v 2 = 19.6 µ d You can assume good tires on dry pavement ( µ = 0.8 )

v 2 = 19.6 µ d ⇒ (22.4 m s )2 = (19.6)(0.8)(d) ⇒ d = 32m
Add the two distances together.
3.36m + 32m = 35.36m

Your teacher has prepared a marking outside of the classroom. This represents the place
where you first see whatever it is that makes you hit your brakes. Your task is to be the total
stopping distance you calculated away from that marking without going over that amount.
Do NOT pace off the distance, just estimate the distance by sight since this is what you do
while you are driving. Once you have the actual distance from you to the marking, then
answer the appropriate question below.
If the position you chose is less than what it was supposed to be, then calculate the speed at
which your vehicle would have been traveling at the point you were standing. You can use
the equation v 2 = v0 2 + 2ad, where a = − µ (9.8) .
If 30 m was chosen…Take 30m and subtract the reaction distance from it. In
this case it would be 26.64m This is the distance that the brakes are applied.
v 2 = v0 2 + 2ad ⇒ v 2 = (22.4)2 + 2(−9.8)(0.8)(26.64) = 84.05
so if v 2 = 84.05 then v = 9.17 m s
If the position you chose is greater than the stopping distance, then calculate the speed at
which the vehicle would have had to be traveling to stop at that point.
If 40m was chosen…40m is the braking distance plus the reaction distance.
v0 2
So the formula is You can use the equation dr + db = v0 t r +
. Where ,
2 µ (9.8)

v0 2
. This
2(0.8)(9.8)
requires the quadratic formula to solve the equation, but only the positive
solution applies and you have v0 = 26.24 m s
dr + db = 40m and t r is reaction time. So 40 = v0 (0.15s) +
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Collisions Module Activity Teachers Guide

Name ________________________________________

Date ___________

Why Should I Wear a Seatbelt?
Teacher’s Guide
Purpose/Objectives: Students will…
• Discover how speed effects force in a collision.
• Discover how a passenger’s stopping distance affects force
in a collision.

If your students can not handle the algebra involved and you have internet access you can
have your students go to http://hyperphysics.phy-astr.gsu.edu/hbase/carcr2.html#cc2
And it will do the calculations for them. This could also be used to have the students check
their own work.
2

2

The original equation for this exercise is v = v0 + 2ad . To see where it comes from see the
teacher’s guide for Equations of Motion. The formula F = ma is Newton’s 2nd law of motion.
The intent is to have the students do all calculations in metric (SI) units. However, most
students (and even most science teachers) think in pounds rather than Newtons.
One important distinction to point out is that the distances used here are the stopping
distances of the passengers and NOT the vehicle. What the students will be calculating is the
force on the passenger’s body after the car has come to a stop and the passenger is still
moving because of inertia (Newton’s 1st Law of motion). Something must stop the passenger
and the longer the distance that the force can be applied over, the less deceleration or
force the passenger will feel.
Make sure the students are using the distance in meters and that they convert their weight in
pounds to mass in kilograms.
Having the students convert to pounds at the end helps them to comprehend the immense
forces that are put on passengers during an automobile collision.
Having the students use their own mass makes the results more personal or “real”. Also it will
make it much harder for the students to copy each others work if everyone is using different
numbers.
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Collisions Module Activity Teacher’s Guide

Name ________________________________________

Date ___________

Using the formulas above and your own mass calculate the force you would feel in a collision
for each of the situations listed in the table at the bottom of the page. Show your
calculations in the blank space provided on this page.
Here is an example with a 160 lb person going 30 mph without wearing a seatbelt.

160 lbs *

1 kg
= 72.7 kg
2.2 lbs
m
s

0.44794
30 mph *
1 mph

= 13.44 m s

No seatbelt so d = 0.06 m

Using a =

v 2 − v0

2

2d

a=

m2
m 2
−180.634
)
s 2 = −1505.28 m
s2 =
2(0.06m)
0.12m
s2

(0)2 − (13.44

Note: the negative sign is there because we are assuming that the car was moving in the
positive direction before the crash. In order for a car moving in a positive direction to slow
down to a stop, the acceleration (change in velocity over time) must be a negative number.
Plug in your result to F = ma

F = ma = (72.7kg)(−1505.28

m
) = −109, 434N
s2

Note: the negative sign is only indicating that the direction of the force is opposite the
direction that the passenger was initially traveling which was positive. You can have the
students drop the negative sign now since we are only interested in the magnitude of the
force.
Convert the force to lbs.

109, 434N *

1 lb
= 24, 603 lbs
4.448N

You can have the students convert to tons for fun.

24, 603 lbs *

1 ton
= 12.3 tons
2, 000 lbs

Many students may be surprised to learn that even at relatively low traveling speeds the
force applied to their bodies in a collision is tremendous. You may talk about why driving
safely is important now that you have the numbers to back up your warnings. Consider that
the fastest human can only run 23-24 mph. Would it be dangerous for him to run full speed
into a brick wall?
When colliding head on with another vehicle things are much worse, especially for the car
with the lower mass because it will actually travel backwards rather than just coming to a
stop. This makes the change in velocity and thus acceleration and force much higher.
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Collisions Module Activity Teacher’s Guide

Name ________________________________________

Date ___________

Questions
1. How did the forces you guessed in the first table compare to the ones you calculated
in the second table?
Most students will underestimate the amount of force for the situations.

2. In what manner did the force change by increasing the speed from 20 mph to 30
mph? Why did it change that way?
The speed is increasing by a factor of 1.5, but the force increases by a factor of
2.25. So if you were to double the speed you would increase the force by a
factor four. This is because the kinetic energy of the person has to be reduced
to zero, and the kinetic energy of the person varies as the speed squared. So if
you increase the speed by a factor of three the force goes up by a factor of
nine.

3. In what manner did the force change by wearing a seatbelt? Why did it change that
way?
The distance increases by a factor of five, which causes the force to decrease
by a factor of five.

4. Make the calculation for hitting a tree at highway speeds, and calculate the force
generated on your body in whichever seatbelt scenario you chose.
This should give students a new respect for how dangerous driving can be.
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Collisions Module Activity Teacher’s Guide

Name ________________________________________

Date ___________

How does a car rollover?
Introduction

Rollover accidents make up a very small percentage of accidents,
but the death rate for rollovers is very high. The following pages are from safercar.gov the
National Highway Traffic Safety Administration’s (NHTSA) site and it gives you answers to the
question: “Why does this matter?”
There are three different levels for this activity.
Fundamental—Students will cut out and manipulate paper models to determine which
vehicles have a higher propensity to rolling over. There is very little math
involved for this level.

Normal—Students will use algebra along with basic trig to determine which vehicles have a
higher propensity to rollover.

Advanced level—Students should be familiar with the cross product and various physics
formulas.
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Collisions Module Activity

Safercar.gov - Rollover

http://www.safercar.gov/Rollover/pages/RolloCharFat.htm

Click
to search

Rollover
Rollover Characteristics
Fatalities
Causes
Types of Rollover
Rollover Rating System
Determining Ratings
Interpreting Ratings
Vehicle Class Compare
Minimize Risk and Injury
Avoid Panic-Like Steering
Know Proper Maneuvering
Use Caution on Rural Roads
Tire Pressure and Loading
Newest Technologies
Electronic Stability Control
Variable Ride-Height
Rollover Air Bags
FAQs
NCAP Vehicle Ratings
Safercar.gov Home

Rollover Characteristics
Fatalities
Rollovers are dangerous incidents and have a higher fatality rate than other kinds of
crashes. Of the nearly 11 million passenger car, SUV, pickup and van crashes in 2002,
only 3% involved a rollover.
However, rollovers accounted for nearly 33% of all deaths from passenger vehicle
crashes. In 2002 alone, more than 10,000 people died in rollover crashes. The majority of
them (72%) were not wearing safety belts.

[d]

[d]

1 of 1
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Safercar.gov - Rollover

http://www.safercar.gov/Rollover/pages/RolloCharCauses.htm

Click
to search

Rollover
Rollover Characteristics
Fatalities
Causes
Types of Rollover
Rollover Rating System
Determining Ratings
Interpreting Ratings
Vehicle Class Compare
Minimize Risk and Injury
Avoid Panic-Like Steering
Know Proper Maneuvering
Use Caution on Rural Roads
Tire Pressure and Loading
Newest Technologies
Electronic Stability Control
Variable Ride-Height
Rollover Air Bags
FAQs
NCAP Vehicle Ratings
Safercar.gov Home

Rollover Characteristics
Causes
Rollovers are complex crash incidents and are particularly violent in nature. Rollovers, more
so than other types of crashes, reflect the interaction of the driver, road, vehicle, and
environmental factors. So while vehicle type does play a significant role, other factors such
as driver behavior and road and environmental conditions can also cause a vehicle to roll
over.

Vehicle Type
All types of vehicles can rollover. However, taller, narrower vehicles such as SUVs, pickups,
and vans have higher centers of gravity, and thus are more susceptible to rollover if
involved in a single-vehicle crash.
Speed
Fatal rollover crashes are speed-related more often than fatal non-rollover crashes. Some
40% of fatal rollover crashes involved excessive speeding . Additionally, nearly ¾ of
fatal rollovers took place where the posted speed limit was 55 miles per hour or
higher.

Alcohol
Nearly half of all fatal rollover crashes involve alcohol . Impairment can result from any
blood alcohol concentration (BAC) above .00 . Even a small amount of alcohol will
negatively affect your judgment, muscular coordination, and vision, making you more likely
to lose control of your vehicle.

Location
Rural roads tend to be undivided and without barriers. They are thus more likely to be the
scene of a fatal rollover. Almost ¾ of fatal rollovers occur in rural areas where the
posted speed limit is typically 55 miles per hour or higher.

Routine Driving
NHTSA data also suggest that over 90% of the vehicles in fatal, single-vehicle rollover
crashes were involved in routine driving maneuvers (going straight or negotiating a curve)
at the time of the crash. This further suggests that driver behavior (distraction,
inattentiveness, speeding, and impaired driving) plays a significant role in rollover crashes.

Single-vehicle Crashes
NHTSA data show that nearly 85% of all rollover-related fatalities are the result of
single-vehicle crashes. This means that the majority of rollover crashes and fatalities do
not involve any other vehicle besides the one that rolled over, further suggesting that
driver behavior plays a significant role in rollover crashes.
back to top

1 of 1
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Name ________________________________________

Date ___________

How does a car rollover?
Student Discovery Activity Teacher’s Guide (Fundamental)
Purpose/Objectives: Students will…
• Discover how a vehicle’s track width and height of center of
gravity affect the propensity to rollover.
Even though you might have a general idea of why high profile
vehicles, such as SUVs, have a greater chance of rollover than low profile vehicles, like
sports cars, in this activity you will acquire understanding of what variables are involved.
The NHTSA has a measurement called the Static Stability Factor (SSF) that is supposed to
tell how prone a vehicle is to rollover. The formula is SSF =
model’s SSF at http://www.safercar.gov.

w
. You can look up a recent
2h

CoG

CoG

r

r

h

h

w/2

w/2

The tipping point, or “point of no return”, for rollover is when the gravity vector (located at
the Center of Gravity ( CoG ) and always pointing towards the center of the Earth) is pointing
to the bottom “corner” of the object as shown above. For simplicity the shapes below will be
rounded squares, but the wheels are included in the scale for the model.
1) Cut out and place the models on a sheet of lined or graph paper. Make sure you
label the paper models so you know which one is which.
2) Align the bottom with a horizontal line and trace the bottom edge of the model on
your paper.
3) Now rotate the paper model until the Center of Gravity ( CoG ) is directly above one of
the bottom corners of the paper model.
4) Again, trace the bottom edge of the paper model. This should form an angle with the
line that was previously drawn.
5) Measure the angle with a protractor and label your drawing.
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Collisions Module Activity Teacher’s Guide

Name ________________________________________

Date ___________

(Even though the center of gravity is not located at the center of vehicles. The models have
been set up to work so the center of gravity is at the center. This is only because it is easier to
make the drawings.)
2007 PT Cruiser
2007 Ford E350 15 Passenger van

2005 Mazda Miata MX5 Convertible

2007 Ford F-150

2007 Cadillac Escalade

2005 Ford Explorer Sport Trac
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Collisions Module Activity Teacher’s Guide

Name ________________________________________

Date ___________

1) Which vehicle will require more energy to rollover, one with a large angle or one with
a small angle?
A vehicle with a larger angle is harder to rollover.

2) Which vehicle has the largest angle before it rolls over?

The Mazda Miata will have the largest angle before rollover ensues.

3) Which vehicle has the smallest angle before it rolls over?
Both the Ford E-350 15 Passenger van & the Ford Explorer Sport Trac will have the
smallest angle.

4) How does the width of the vehicle affect the likelihood of it rolling over?
The wider the vehicle is the harder it is to roll over the vehicle.

5) How does the height of the center of gravity of a vehicle affect the likelihood of it
rolling over?
The higher the center of gravity the easier it is to rollover the vehicle.

6) What design elements would you want to put in a race car so it could go around
curves at higher speeds without rolling over?
Make the car low to the ground and wide.
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Collisions Module Activity Teacher’s Guide
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How does a car rollover?
Student Discovery Activity Teacher’s Guide
Purpose/Objectives: Students will…
• Discover how a vehicle’s track width and height of center of
gravity affect the propensity to rollover.
• Derive how changing a vehicle’s track width or height of
center of gravity affect the work required to rollover.
Even though you might have a general idea of why high profile vehicles, such as SUVs,
have a greater chance of rollover than low profile vehicles, like sports cars, in this activity
you will acquire understanding of what variables are involved. The NHTSA has a
measurement called the Static Stability Factor (SSF) that is supposed to tell how prone a
vehicle is to rollover. The formula is SSF =
http://www.safercar.gov.

w
. You can look up a recent model’s SSF at
2h

CoG

CoG

r

r

h

h

w/2

w/2

The tipping point, or “point of no return”, for rollover is when the gravity vector (located at
the Center of Gravity ( CoG ) and always pointing towards the center of the Earth) is pointing
to the bottom “corner” of the object as shown above.

1) How does the formula for SSF relate to the angle that the vehicle must tip before it rolls
over?
The angle that the vehicle must rotate to rollover is equivalent to the top angle of
the right triangle formed by h , r , and w / 2 . This is because the side h was vertical
and the vehicle had to go through the angle at the top of the triangle to get the
side r vertical. So the formula is the side w / 2 divided by the side h . This is the
side opposite the angle divided by the side adjacent to the angle or tan θ .
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2) What does increasing the track width of a vehicle do to the SSF? What do you
predict increasing the track width will do to the vehicle’s stability?
Increasing the track width means we are increasing w . When w increases then
the SSF will increase also. The second question might have various answers since
they are hypothesizing.

3) What does increasing the height of the center of gravity do to the SSF? What do you
predict increasing the height of the center of gravity will do to the vehicle’s stability?
Increasing the height of the center of gravity means we are increasing h . When h
increases then the SSF will decrease. The second question might have various
answers since they are hypothesizing

The work required to cause a car to roll over is equivalent to the change in the car’s
gravitational potential energy (GPE). Since GPE = mgh and since the mass and acceleration
due to gravity remain constant, then the change in GPE is as follows: ΔGPE = mg(Δh) .

1) Derive a formula for Δh using the graphic on the previous page and only using the
variables h and w in your final formulas.
This would be an easy answer if you could put your answer in terms of h and r .
But this is a good starting point. The CoG goes from h above the ground to r
above the ground. This would give the simple formula of Δh = r − h . But we have
to put r in terms of h and w . Using the Pythagorean Theorem we can say
2

⎛ w⎞
⎛ w⎞
r = h + ⎜ ⎟ . Solving for r gives the equation r = h 2 + ⎜ ⎟
⎝ 2⎠
⎝ 2⎠
2

2

2

and plugging this

2

⎛ w⎞
into Δh = r − h gives Δh = h + ⎜ ⎟ − h .
⎝ 2⎠
2

2) Using your formula and GPE, show how increasing the height of the center of gravity
affects the work required to rollover a vehicle?
As you increase h then Δh will decrease. This is not obvious but you can get the
result by plugging in different numbers or even by graphing the Δh equation as a
function of h . If Δh is decreasing then the work required to rollover the car is
decreasing also.
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3) Using your formula and GPE, show how increasing the track width of a vehicle affects
the work required to rollover that vehicle.
As you increase w then Δh increases this is not obvious but you can get the result
by plugging in different numbers or even by graphing the Δh equation as a
function of w . If Δh is increasing then the work required to rollover the car is
increasing also.

4) Using all of your results, explain why a low profiled vehicle like a sports car has a less
likely chance of rolling over than a high profile vehicle like a SUV.

Low profile vehicles have very low centers of gravity. This gives a low value for h
which will give a higher work required to rollover the car. Many sports cars also
have a widened track width, which will also give a higher work required to rollover
the vehicle. For the SUVs the opposite is true.

5) Explain how adding luggage to the luggage rack on top of your SUV will affect its
propensity to rollover.

This question is better for students who have studied center of gravity. When you
add mass above the location of the center of gravity the center of mass of the
vehicle is raised. By raising h you lower the amount of work required to rollover the
SUV and thus make it less stable.
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How does a car rollover?
Student Discovery Activity (Advanced level) Teacher’s Guide
Purpose/Objectives: Students will…
• Discover how a vehicle’s track width and height of center of
gravity affects the propensity to rollover.
• Derive minimum speed formula for rollover.
• Derive conditions necessary for rollover.
Even though you might have a general idea of why high profile vehicles, such as SUVs,
have a greater chance of rolling over than low profile vehicles, like sports cars, in this
activity you will acquire understanding of exactly what variables are involved. This activity
is based on the work of Derek Swinson in the article “Vehicle Rollover”, THE PHYSCIS
TEACHER, Vol. 33, September 1995, pp.360-366.
This activity is intended for students who are familiar with torque and the cross
product.

The model to the left is oriented with the back of vehicle
facing the viewer of this page. The vehicle will be taking a
left turn. The height to the center of gravity ( CoG ) is
labeled as h . The track width of the vehicle is
represented by w . The height ( h ) and half of the track
width ( w / 2 ) form a right triangle with a hypotenuse that is
labeled r .

CoG

r

coefficient of friction), h , and w . (Hint: when the vehicle
is on the verge of rollover the entire weight of the vehicle
and all of the friction force is placed only on the right tire.)

h

Ff

Derive the conditions for a rollover in terms of µ (the

w/2

At the moment of rollover all of the weight is on the right tire, so the normal force pushing up
makes an angle with the line r . The torque is given by the formula τ = F × r . The Normal
force is pushing up at an angle to r . This torque would be in the counterclockwise direction.
The torque is N × r = Nr sin θ . However sin θ is the opposite side divided by the hypotenuse

w
w
w
in for sin θ . This leaves the equation τ = N = Mg . The torque
2r
2
2
from the weight of the vehicle ( Mg ) is zero because its distance from the Center of Gravity
(pivot point) is zero. The torque from the friction force ( Ff ) is τ = Ff × r = Ff r sin θ , but
plugging in for the opposite side ( h ) over the hypotenuse ( r ) for sin θ we get
h
τ = Ff r = Ff h = µ Mgh . This torque is in the clockwise direction. Since the torques should be
r
so we can substitute

equal and opposite at the moment rollover would begin, we can set their magnitudes equal.

Mg
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Now that you have the condition for rollover, come up with a relationship for the velocity to
cause rollover. Assume the vehicle is traveling in a circular path with a known radius R . Give
your answer in terms of R, w, g, and h .

At the point of rollover there are three forces involved. We have already taken the torques
into account, so now we will deal with the net force. We know from Newton’s 2nd Law of
motion that Fnet = Ma , but Fnet =

∑ all forces also.

The normal force and the weight of the

vehicle must cancel out because the vehicle is not accelerating away from or towards the
ground. This leaves only the friction force. Thus, the friction force is equal to the net force.

Fnet = Ma = Ff = µ Mg ⇒ a = µ g , but since this is motion on a circle we can “rename” the net
force the centripetal force. Since the mass cancels out we are “renaming” the acceleration

v2
v2
= µg .
. So,
R
R
The directions ask for the answer in terms of R, w, g, and h , but we still have a µ . From the
w
first derivation we have that at the moment of rollover µ =
. Plugging this in gives us the
2h
v2 w
Rwg
=
g . Solving for velocity gives the formula v =
.
formula
2h
R 2h
the centripetal acceleration. This gives us the equation ac = µ g , but ac =

Answer the following questions.
1) When µ < the first condition you derived, instead of equal to it, what happens to the
vehicle?
The question should read when µ <
the first derivation. When µ <

w
, but that would give away the answer to
2h

w
, the car starts sliding out of the circular path or
2h

spinning out. This is because the friction force is not enough to hold the vehicle on
the path.
2) When µ > the first condition you derived, instead of equal to it, what happens to the
vehicle?
The question should read when µ >
the first derivation. When µ >
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How likely is my vehicle to rollover?
Student Discovery Activity (Advanced level)
Purpose/Objectives: Students will…
• Apply physics concepts to a real life situation to gain a
better understanding of traffic safety issues.

Find the SSF for the make and model of the car that you drive. This information can usually
be found at http://www.safercar.gov. The SSF is a ratio of half of the track width of the
vehicle to its height of center of gravity (sound familiar). If you cannot find data describing
your actual vehicle, then find the info for a different model year or a model that is close to
yours. Find the maximum speed that your vehicle can take a level circular curve with a
radius of 50 meters.
After you have your vehicle’s speed, calculate and compare your vehicle’s speed to the
following two vehicles’ speeds.
1980 Jeep CJ-5 which has an SSF of about 0.95
2006 BMW Z4 Roadster which has an SSF of about 1.57

Hand this page out to the students after they have completed the “How does a car roll?”
activity. Or, you could give them the results (equations) of that activity and have them
complete this one.

Example: A student drives a 1997 Chevy Caviler. The SSF is not available for that year model,
but it is available for the 2001 model. The 2001 model has an SSF of 1.35.

Rwg
w
and substituting in 1.35 for
, we get v = 1.35Rg . Solving for v we get
2h
2h
v = 25.7 m / s , which can be multiplied by 2.23 to get mph. This gives 57.3 mph.

Using v =

1981 Jeep CJ-5 which has an SSF of about 0.95

v = 0.95Rg = 21.6 m / s = 48.1 mph
2006 BMW Z4 Roadster which has an SSF of about 1.57

v = 1.57Rg = 27.7 m / s = 61.9 mph
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Equations of Motion
Discovery Activity
Purpose/Objectives: Students will…
• Discover/Derive the equations of motion.
• Apply algebra and geometry skills to a scientific
application.
• Classify a physical relationship graphically.

You will use the graph below to derive the equations of kinematics in physics.

(0,0)

We know that the slope-intercept equation of a line is y = mx + b . In this graph,
however, the vertical axis is velocity and the horizontal axis is time. So the equation
becomes v = mt + b . The slope ( m ) of a line is the change in the vertical axis divided
by the change in the horizontal axis. The change in velocity ( v f − v0 ) divided by the
change in time ( t − 0 ) is equal to the average acceleration. Since this is a straight line
we have a constant slope or in this case a constant acceleration. The velocity at
time t = 0 is referred to as v0 . So our final equation for this line is v f = at + v0 , but it is
usually written v f = v0 + at . All of the equations you will develop in this exercise will
only be true if acceleration is constant.
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The displacement of an object can be found from a velocity vs. time graph by
finding the area under the graph. In this case it is the graph of the line ( v f = at + v0 ).
Find the area under the graph of the solid line to find a formula for displacement
( d − d0 ). (Hint: Remember to combine like terms when possible.)

(0,0)
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You now have two formulas. Use the equation of the graph, v f = at + v0 , substitute for
v f into the equation from the area under the graph.

Now solve the equation of the graph v f = at + v0 for time and substitute into the
equation from the area under the graph. Solve the new equation for v f 2 .
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What is my stopping distance?
Student Discovery Activity
Purpose/Objectives: Students will…
• Discover how speed affects the stopping distance of an
automobile.
• Derive the minimum speed formula.
When police need to determine the speed of a car that is involved in a collision, they use
the work-kinetic energy theorem to determine the minimum velocity that the car was
going before it left skid marks on the road. The officer can measure the distance of the
skid and can look up the coefficient of friction (a measure of how effectively the surface
transfers the weight of the vehicle into friction) for a given set of tires.
The work-kinetic energy theorem states that the change in kinetic energy of a system is
equal to the work done on that system or ΔKE = W . ΔKE =

1
1
mv f 2 − mv0 2 and
2
2

W = F * d . Since the car is losing kinetic energy when it skids, then the left hand side of
the work-kinetic energy theorem is negative. Since the force of friction is being applied in
a direction opposite of the vehicle’s movement then the force is negative also. Do not
forget to add a negative sign to the force.
Derive the minimum speed formula in the space provided below. For now assume that
the car stops at the end of the skid.
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Now that you have the minimum speed formula, calculate the minimum speed for the
following skid marks.
1) 20 meters on dry pavement (μ=0.8)

2) 40 meters on wet pavement (μ=0.6)

3) 80 meters on snow packed pavement (μ=0.2)

4) 110 meters old tires on dry pavement (μ=0.7)

Calculate the skidding distances using the same formula. Remember that the conversion
from mph to m/s is to multiply by 0.44794.
5) Car traveling at 20 mph on dry pavement (μ=0.8)

6) Car traveling at 40 mph on dry pavement (μ=0.8)

7) Car traveling at 60 mph on dry pavement (μ=0.8)

8) Car traveling at 40 mph on wet pavement (μ=0.7)

OU RET 2006

-2–

Collisions Module Activity

Name ________________________________________

Date ___________

Answer the following questions based on your calculations
9) How does doubling the speed affect the stopping distance?

10) How does tripling the speed affect the stopping distance?

11) How does wet pavement affect the stopping distance?

12) Give some reasons why the formula is called the minimum speed formula.

13) *Can the police still effectively use the minimum speed formula for skid marks that
end with a non-zero velocity? Explain
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Estimating stopping distance
Laboratory Activity
Purpose/Objectives: Students will…
• Discover how speed coupled with reaction time affects the
stopping distance of an automobile.
• Estimate calculated distances in real space.
• Collect/record data and analyze results.
When driving a vehicle it is helpful to know how far your car will travel if you had to put your
brakes on and stop as quickly as possible.
First measure your reaction time by having a partner hold a 30cm ruler vertically. Position
your hand at the bottom of the ruler where the 0cm mark is in between your thumb and
index finger. Your lab partner is to let go at a random time and you are to catch it. The
table below provides you with your reaction time. Run the experiment 5 times for each
person and average your reaction time.

Trial 1

Trial 2

Trial 3

Trial 4

Trial 5

Average

Distance
Reaction Time
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Now that you have your reaction time, you will be able to calculate how far the vehicle you
are driving will move while you are reacting. One might think that this time is so small that it
will not matter, but at vehicular speeds it can add a significant amount. The formula for the
distance traveled during reaction time is--distance equals velocity times the reaction time, or
d = vt .
Since the brakes have not been applied yet the car is traveling at a constant velocity during
the reaction time.
Your teacher will provide you a speed for a car. Remember that the conversion from mph to
m/s is to multiply by 0.44794.
.
 Calculate the distance that the car travels during your reaction time.



Calculate the rest of the stopping distance using the minimum speed formula.
v 2 = 19.6 µ d You can assume good tires on dry pavement ( µ = 0.8 )



Add the two distances together.

Your teacher has prepared a marking outside of the classroom. This represents the place
where you first see whatever it is that makes you hit your brakes. Your task is to be the total
stopping distance you calculated away from that marking without going over that amount.
Do NOT pace off the distance, just estimate the distance by sight since this is what you do
while you are driving. Once you have the actual distance from you to the marking, then
answer the appropriate question below.
If the position you chose is less than what it was supposed to be, then calculate the speed at
which your vehicle would have been traveling at the point you were standing. You can use
the equation v 2 = v0 2 + 2ad, where a = − µ (9.8) .

If the position you chose is greater than the stopping distance, then calculate the speed at
which the vehicle would have had to be traveling to stop at that point.
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Why Should I Wear a Seatbelt?
Student Activity
Purpose/Objectives: Students will…
• Discover how speed affects force on a passenger in a
collision.
• Discover how a passenger’s stopping distance (wearing a
seatbelt) affects the force on that person in a collision.

We are going to assume constant acceleration (deceleration) in these problems. Therefore,
the stopping distance of the passenger, and the initial and final velocities are the only
variables that are needed to find the acceleration of the passenger. Knowing the mass of
the passenger will allow us to find the average force acting on the passenger. To calculate
the acceleration/deceleration of the passenger we will use the formula a =

v 2 − v0
2d

2

, where

is final velocity, v0 is initial velocity, and d is the stopping distance of the passenger. Then
plug in the acceleration that you calculated into F = ma to find the force.

v

Below are common stopping distances for passengers provided by the hyper-physics website
(http://hyperphysics.phy-astr.gsu.edu/hbase/seatb.html).
• No Seat belt
0.2 ft or 0.06 meters
• Non Stretching Seat Belt
1.0 ft or 0.305 meters
• Stretching Seat Belt
1.5 ft or 0.457 meters
Hypothesize about the force that
Type of Passenger
Speed
Force(lbs)
would be experienced for each
No Seatbelt
20 mph
type of passenger at the initial
Non Stretching Seatbelt
20 mph
velocities given in the table. Use
Stretching Seatbelt
20 mph
your own mass. The conversion
factor for pounds to kilograms is to
No Seatbelt
30 mph
divide by 2.2, the factor for mph to
Non Stretching Seatbelt
30 mph
m/s is to multiply by 0.44794, and the Stretching Seatbelt
30 mph
conversion factor for Newtons (N) to
lbs. (on Earth) is to divide by 4.448. You will convert force from N to lbs. to get a better
understanding of the magnitude of the forces.
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Using the formulas above and your own mass calculate the force you would feel in a collision
for each of the situations listed in the table at the bottom of the page. Show your
calculations in the blank space provided on this page.

Type of Passenger

Speed

No Seatbelt
Non Stretching Seatbelt
Stretching Seatbelt

20 mph
20 mph
20 mph

No Seatbelt
Non Stretching Seatbelt
Stretching Seatbelt

30 mph
30 mph
30 mph
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Mass
(kg)

Force
(Newtons)

Force
(lbs)
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Questions
1. How did the forces you guessed in the first table compare to the ones you calculated
in the second table?

2. In what manner did the force change by increasing the speed from 20 mph to 30
mph? Why did it change that way?

3. In what manner did the force change by wearing a seatbelt? Why did it change that
way?

4. Make the calculation for hitting a tree at highway speeds, and calculate the force
generated on your body in whichever seatbelt scenario you chose.
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How does a car rollover?
Student Discovery Activity (Fundamental Level)
Purpose/Objectives: Students will…
• Discover how a vehicle’s track width and height of center of
gravity affect the propensity to rollover.
Even though you might have a general idea of why high profile
vehicles, such as SUVs, have a greater chance of rollover than low profile vehicles, like
sports cars, in this activity you will acquire understanding of what variables are involved.
The NHTSA has a measurement called the Static Stability Factor (SSF) that is supposed to
tell how prone a vehicle is to rollover. The formula is SSF =
model’s SSF at http://www.safercar.gov.

w
. You can look up a recent
2h

CoG

CoG

r

r

h

h

w/2

w/2

The tipping point or, “point of no return”, for rollover is when the gravity vector (located at
the Center of Gravity ( CoG ) and always pointing towards the center of the Earth) is pointing
to the bottom “corner” of the object as shown above. For simplicity the shapes below will be
rounded squares, but the wheels are included in the scale for the model.
1) Cut out and place the models on a sheet of lined paper or graph paper. Make sure
you label the paper models so you know which one is which.
2) Align the bottom with a horizontal line and trace the bottom edge of the model on
your paper.
3) Now rotate the paper model until the Center of Gravity ( CoG ) is directly above one of
the bottom corners of the paper model.
4) Again, trace the bottom edge of the paper model. This should form an angle with the
line that was previously drawn.
5) Measure the angle with a protractor and label your drawing.
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2007 Ford E350 15 Passenger van

2005 Mazda Miata MX5 Convertible

2007 Ford F-150

2007 Cadillac Escalade

2005 Ford Explorer Sport Trac
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1) Which vehicle will require more energy to rollover, one with a large angle or one with
a small angle?

2) Which vehicle has the largest angle before it rolls over?

3) Which vehicle has the smallest angle before it rolls over?

4) How does the width of the vehicle affect the likelihood of it rolling over?

5) How does the height of the center of gravity of a vehicle affect the likelihood of it to
rolling over?

6) What design elements would you want to put in a race car so it could go around
curves at higher speeds without rolling over?
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How does a car rollover?
Student Discovery Activity
Purpose/Objectives: Students will…
• Discover how a vehicle’s track width and height of center of
gravity affect the propensity to rollover.
• Derive how changing a vehicle’s track width or height of
center of gravity affect the work required to rollover.
Even though you might have a general idea of why high profile vehicles, such as SUVs,
have a greater chance of rollover than low profile vehicles, like sports cars, in this activity
you will acquire understanding of what variables are involved. The NHTSA has a
measurement called the Static Stability Factor (SSF) that is supposed to tell how prone a
vehicle is to rollover. The formula is SSF =
http://www.safercar.gov.

w
. You can look up a recent model’s SSF at
2h

CoG

CoG

r

r

h

h

w/2

w/2

The tipping point, or “point of no return”, for rollover is when the gravity vector (located at
the Center of Gravity ( CoG ) and always pointing towards the center of the Earth) is pointing
to the bottom “corner” of the object as shown above.

1) How does the formula for SSF relate to the angle that the vehicle must tip before it rolls
over?
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2) What does increasing the track width of a vehicle do to the SSF? What do you
predict increasing the track width will do to the vehicle’s stability?

3) What does increasing the height of the center of gravity do to the SSF? What do you
predict increasing the height of the center of gravity does to the vehicle’s stability?

The work required to cause a car to roll over is equivalent to the change in the cars
gravitational potential energy (GPE). Since GPE = mgh and since the mass and acceleration
due to gravity remain constant, then the change in GPE is as follows: ΔGPE = mg(Δh) .

1) Derive a formula for Δh using the graphic on the previous page and only using the
variables h and w in your final formula.

2) Using your formula and GPE, show how increasing the height of the center of gravity
affects the work required to rollover a vehicle?
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3) Using your formula and GPE, show how increasing the track width of a vehicle affects
the work required to rollover that vehicle.

4) Using all of your results, explain why low profiled vehicles like sports cars have a less
likely chance of rolling over than a high profile vehicle like a SUV.

5) Explain how adding luggage to the luggage rack on top of your SUV will affect its
propensity to rollover.
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How does a car rollover?
Student Discovery Activity (Advanced level)
Purpose/Objectives: Students will…
• Discover how a vehicle’s track width and height of center of
gravity affects the propensity to rollover.
• Derive minimum speed formula for rollover.
• Derive conditions necessary for rollover.
Even though you might have a general idea of why high profile vehicles, such as SUVs,
have a greater chance of rolling over than low profile vehicles, like sports cars, in this
activity you will acquire understanding of exactly what variables are involved. This
activity is based on the work of Derek Swinson in the article “Vehicle Rollover”, THE
PHYSCIS TEACHER, Vol. 33, September 1995, pp.360-366.

The model to the left is oriented with the back of vehicle
facing the viewer of this page. The vehicle will be taking a
left turn. The height to the center of gravity ( CoG ) is
labeled as h . The track width of the vehicle is represented
by w . The height ( h ) and half of the track width ( w / 2 )
form a right triangle with a hypotenuse that is labeled r .

CoG

r

Derive the conditions for a rollover in terms of µ (the
coefficient of friction), h , and w . (Hint: when the vehicle
is on the verge of rollover the entire weight of the vehicle
and all of the friction force is placed only on the right tire.)

h

w/2
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Now that you have the condition for rollover, come up with a relationship for the velocity to
cause rollover. Assume the vehicle is traveling in a circular path with a known radius R . Give
your answer in terms of R, w, g, and h .

Answer the following questions.
1) When µ < the first condition you derived, instead of equal to it, what happens to the
vehicle?

2) When µ > the first condition you derived, instead of equal to it, what happens to the
vehicle?
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How likely is my vehicle to rollover?
Student Discovery Activity (Advanced level)
Purpose/Objectives: Students will…
• Apply physics concepts to a real life situation to gain a
better understanding of traffic safety issues.

Find the SSF for the make and model of the car that you drive. This information can usually
be found at http://www.safercar.gov. The SSF is a ratio of half of the track width of the
vehicle to its height of center of gravity (sound familiar). If you cannot find data describing
your actual vehicle, then find the info for a different model year or a model that is close to
yours. Find the maximum speed that your vehicle can take a level circular curve with a
radius of 50 meters.
After you have your vehicle’s speed, calculate and compare your vehicle’s speed to the
following two vehicles’ speeds.
1980 Jeep CJ-5 which has an SSF of about 0.95
2006 BMW Z4 Roadster which has an SSF of about 1.57
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