
Active Physical Science 

Activity 4 Defy Gravity

What Do You Think?
No athlete can escape the pull of gravity.

• Does the “hang time” of some athletes defy the
above fact?

• Does a world-class skater defy gravity to remain in the air long
enough to do a triple axel?

Record your ideas about these questions in your Active Physics
log. Be prepared to discuss your responses with your small group
and the class.

For You To Do
1. Your teacher will show you a slow-motion video 

of a world-class figure skater doing a triple axel
jump. The image of the skater will appear to
“jerk,” because a video camera completes one 

“frame,” or one complete picture, every s. When the video is
played at normal speed, you perceive the action as continuous;
played at slow motion, the individual frames can be detected 
and counted. The duration of each frame is s.�
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Activity 4 Defy Gravity

GOALS
In this activity you will:

• Measure changes in
height of the body’s
center of mass during a
vertical jump.

• Calculate changes in the
gravitational potential
energy of the body’s
center of mass during a
vertical jump.

• Understand and apply the
definition of work.

• Recognize that work is
equivalent to energy.

• Understand and apply the
joule as a unit of work
and energy using
equivalent forms of the
joule.

• Apply conservation of
work and energy to the
analysis of a vertical jump,
including weight, force,
height, and time of flight.
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a) Count and record in your log the number of frames during
which the skater is in the air.

b) Calculate the skater’s “hang time.” (Show your calculation
in your log.) 

Time in air (s) = Number of frames × �
3
1
0
� s

c) Did the skater “hang” in the air during any part of the
jump, appearing to “defy gravity”? If necessary, view the
slow-motion sequence again to make the observations
necessary to answer this question in your log. If your
observations indicate that hanging did occur, be sure to
indicate the exact frames during which it happened.

2. Your teacher will show you a similar slow-motion video of 
a basketball player whose hang time is believed by many
fans to clearly defy gravity.

a) Using the same method as above for the skater, show in
your log the data and calculations used to determine the
player’s hang time during the “slam dunk.”

b) Did the player hang? Cite evidence from the video in your
answer.

3. How much force and energy does a person use to do a
vertical jump? A person uses body muscles to “launch” the
body into the air, and, primarily, it is leg muscles that
provide the force. First, analyze only the part of jumping that
happens before the feet leave the ground. Find your body
mass, in kilograms, and your body weight, in newtons, for
later calculations. If you wish not to use data for your own
body, you may use the data for another person who is willing
to share the information with you. (See Activity 2, Physics
To Go, Question 7, for how to convert your body weight in
pounds to weight in newtons and mass in kilograms.) 

a) Record your weight, in newtons, and mass, in kilograms, in
your log.
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4. Recall the location of your body’s center of mass
from Activity 3. Place a patch of tape on either
the right or left side of your clothing (above one
hip) at the same level as your body’s center of
mass. Crouch as if you are ready to make a vertical
jump. While crouched, have an assistant measure
the vertical distance, in meters, from the floor to
the level of your body’s center of mass (C of M).

a) In your log, record the distance, in meters, from
the floor to your C of M in the ready position.

5. Straighten your body and rise to your tiptoes as 
if you are ready to leave the floor to launch your 
body into a vertical jump, but don’t jump. Hold this
launch position while an assistant measures the
vertical distance from the floor to the level of your
center of mass.

a) In your log, record the distance, in meters, from the
floor to your C of M in the launch position.

b) By subtraction, calculate and record the vertical
height through which you used your leg muscles to
provide the force to lift your center of mass from the
“ready” position to the “launch” position. Record this
in your log as legwork height.

Legwork height = Launch position – Ready position

6. Now it’s time to jump! Have an assistant ready to observe
and measure the vertical height from the floor 
to the level of your center of mass at the peak of your 
jump. When your assistant is ready to observe, jump 
straight up as high as you can. (Can you hang at the 
peak of your jump for a while to make it easier for your
assistant to observe the position of your center of mass? 
Try it, and see if your assistant thinks you are successful.) 

Ready position

Launch position

Peak position

Make sure the floor is 
dry and the area in which you are
jumping is clear of obstructions.
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a) In your log, record the distance from the floor to C of M at
peak position.

b) By subtraction, calculate and record the vertical height
through which your center of mass moved during the jump.

Jump height = Peak position – Launch position

7. The information needed to analyze the muscular force and
energy used to accomplish your jump—and an example of
how to use sample data from a student’s jump to perform 
the analysis—is presented in Physics Talk and the Example
Analysis.

a) Use the information presented in the Physics Talk and
Example Analysis sections and the data collected during
above Steps 4 through 6 to calculate the hang time and
the total force provided by your leg muscles during your
vertical jump. Show as much detail in your log as is shown
in the Example Analysis.

8. An ultrasonic ranging device coupled to a computer or
graphing calculator, which can be used to monitor position,
speed, acceleration, and time for moving objects, may be
available at your school. If so, it could be used to monitor a
person doing a vertical jump. This would provide interesting

information to compare to the data and
analysis that you already have for the
vertical jump. Check with your teacher to
see if this would be possible.

Physics Words
work: the product of the
displacement and the
force in the direction of
the displacement; work 
is a scalar quantity.

potential energy: energy
that is dependent on the
position of the object.

kinetic energy: the
energy an object
possesses because of 
its motion.
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FOR YOU TO READ

Conservation of Energy

In this activity you jumped and
measured your vertical leap.You went through a
chain of energy conversions where the total
energy remained the same, in the absence of air
resistance.You began by lifting your body from
the crouched “ready” position to the “launch”
position.The work that you did was equal to
the product of the applied force and the
distance.The work done must have lifted you
from the ready position to the launch position
(an increase in potential energy) and also
provided you with the speed to continue
moving up (the kinetic energy).After you left

the ground, your body’s potential energy
continued to increase, and the kinetic energy
decreased. Finally, you reached the peak of
your jump, where all of the energy became
potential energy. On the way down, that
potential energy began to decrease and the
kinetic energy began to increase.

When you are in the ready position, you have
elastic potential energy.As you move toward
the launch position, you have exchanged your
elastic potential energy for an increase in
gravitational potential energy and an increase
in kinetic energy.As you rise in the air, you lose
the kinetic energy and gain more gravitational
potential energy.You can show this in a table.

Energy→ Elastic potential Gravitational Kinetic energy
energy potential energy = mgh = �

1
2

� mv2

Position↓

ready position maximum 0 0

launch position 0 some maximum

peak position 0 maximum 0

The energy of the three positions must be
equal. In this first table, the sum of the energies
in each row must be equal.The launch position

has both gravitational potential energy and
kinetic energy. Using the values in the activity,
the total energy at each position is 410 J.

Energy→ Elastic potential Gravitational Kinetic energy
energy potential energy = mgh = �

1
2

� mv2

Position↓

ready position 410 J 0 0

launch position 0 150 J 260 J

peak position 0 410 J 0

➔
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In the ready position, all 410 J is elastic
potential energy. In the peak position, all
410 J is gravitational potential energy. In the
launch position, the total energy is still 410 J
but 150 J is gravitational potential energy and
260 J is kinetic energy.

Consider someone the same size, who can jump
much higher. Since that person can jump much 

higher, the peak position is greater, and
therefore the gravitational potential energy of
the jumper is greater. In the example shown
below, the gravitational potential energy is 600 J.
Notice that this means the elastic potential
energy of the jumper’s legs must be 600 J. And
when the jumper is in the launch position, the
total energy (potential plus kinetic) is also 600 J.

A third person of the same size is not able to
jump as high.What numbers should be placed
in blank areas to preserve the principle of
conservation of energy?

Total energy must be conserved.Therefore, in
the launch position the kinetic energy of the

jumper must be 50 J. In the peak position, all the
energy is in potential energy and must be 200 J.

The conservation of energy is a unifying principle
in all science. It is worthwhile to practice solving
problems that will help you to see the variety of
ways in which energy conservation appears.

Energy→ Elastic potential Gravitational Kinetic energy
energy potential energy = mgh = �

1
2

� mv2

Position↓

ready position 600 J 0 0

launch position 0 150 J 450 J

peak position 0 600 J 0

Energy→ Elastic potential Gravitational Kinetic energy
energy potential energy = mgh = �

1
2

� mv2

Position↓

ready position 200 J 0 0

launch position 0 150 J 50 J

peak position 0 200 J 0
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A similar example to jumping from a hard floor
into the air is jumping on a trampoline (or
your bed, when you were younger). If you were
to jump on the trampoline, the potential
energy from the height you are jumping would
provide kinetic energy when you landed on the
trampoline.As you continued down, you would 

continue to gain speed because you would still
be losing gravitational potential energy.The
trampoline bends and/or the springs holding
the trampoline stretch. Either way, the
trampoline or springs gain elastic potential
energy at the expense of the kinetic energy
and the changes in potential energy.

A pole-vaulter runs with the pole.The pole
bends.The pole straightens and pushes the
vaulter into the air.The vaulter gets to his
highest point, goes over the bar, and then falls
back to the ground, where he lands on a soft
mattress.You can analyze the pole-vaulter’s
motion in terms of energy conservation.
(Ignore air resistance.)

A pole-vaulter runs with the pole. (The vaulter
has kinetic energy.) The pole bends. (The vaulter

loses kinetic energy, and the pole gains elastic
potential energy as it bends.) The pole unbends
and pushes the vaulter into the air. (The pole
loses the elastic potential energy, and the vaulter
gains kinetic energy and gravitational potential
energy.) The vaulter gets to his highest point
(the vaulter has almost all gravitational potential
energy) goes over the bar, and then falls back to
the ground (the gravitational potential energy
becomes kinetic energy), where he lands on a
soft mattress (the kinetic energy becomes the
elastic potential energy of the mattress, which then
turns to heat energy). The height the pole-
vaulter can reach is dependent on the total
energy that he starts with.The faster he runs,
the higher he can go.

The conservation of energy is one of the great
discoveries of science.You can describe the
energies in words (elastic potential energy,
gravitational potential energy, kinetic energy,
and heat energy).There is also sound energy,

Energy→ Elastic potential Gravitational Kinetic energy
energy potential energy = mgh = �

1
2

� mv2

Position↓

High in the air position 0 2300 J 0

Landing on the trampoline 0 500 J 1800 J
position

Lowest point on the 2300 J 0 0
trampoline position

➔
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light energy, chemical energy, electrical energy,
and nuclear energy.The words do not give the
complete picture. Each type of energy can be
measured and calculated. In a closed system,
the total of all the energies at any one time
must equal the total of all the energies at any
other time.That is what is meant by the
conservation of energy.

If you choose to look at one object in the
system, that one object can gain energy. For
example, in the collision between a player’s
foot and a soccer ball, the soccer ball can gain
kinetic energy and move faster.Whatever
energy the ball gained, you can be sure that the
foot lost an equal amount of energy.The ball
gained energy, the foot lost energy, and the
“ball and foot” total energy remained the
same.The ball gained energy because work
(force x distance) was done on it.The foot lost
energy because work (force x distance) was
done on it.The total system of “ball and foot”
neither gained nor lost energy.

Physics provides you with the means to calculate
energies.You may wish to practice some of these
calculations now. Never lose sight of the fact that
you can calculate the energies because the sum
of all of the energies remains the same.

The equations for work, gravitational potential
energy, and kinetic energy are given below.

The equation for work is:

W = F � d

Work is done only when the force and
displacement are (at least partially) in the same
(or opposite) directions.

The equation for gravitational potential energy is:

PEgravitational = mgh = wh

The w represents the weight of the object in
newtons, where w = mg. On Earth’s surface,
when dealing with g in this course, consider it
to be equal to 9.8 m/s2.(Sometimes we use
10 m/s2 for ease of calculations.)

The equation for kinetic energy is:

KE = �
1
2

�mv2

Sample Problem

A trainer lifts a 5.0-kg equipment bag from the
floor to the shelf of a locker.The locker is 
1.6 m off the floor.

a) How much force will be required to lift the
bag off the floor?

b) How much work will be done in lifting the
bag to the shelf?

c) How much potential energy does the bag
have as it sits on the shelf?
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d) If the bag falls off the shelf, how fast will it
be going when it hits the floor?

Strategy: This problem has several parts. It
may look complicated, but if you follow it step
by step, it should not be difficult to solve.

Part (a): Why does it take a force to lift the
bag? It takes a force because the trainer must
act against the pull of the gravitational field of
the Earth.This force is called weight, and you
can solve for it using Newton’s Second Law.

Part (b): The information you need to find the
work done on an object is the force exerted
on it and the distance it travels.The distance
was given and you calculated the force needed.
Use the equation for work.

Part (c): The amount of potential energy
depends on the mass of the object, the
acceleration due to gravity, and the height of
the object above what is designated as zero
height (in this case, the floor).You have all the
needed pieces of information, so you can apply
the equation for potential energy.

Part (d): The bag has some potential energy.
When it falls off the shelf, the potential energy
becomes kinetic energy as it falls.When it
strikes the ground in its fall, it has zero
potential energy and all kinetic energy.You
calculated the potential energy. Conservation
of energy tells you that the kinetic energy will
be equal to the potential energy.You know the
mass of the bag so you can calculate the
velocity with the kinetic energy formula.

Givens:
m = 5.0 kg
h = 1.6 m
a = 9.8 m/s2

Solution:
a)

F = ma
= (5.0 kg)(9.8 m/s2)
= 49 kg � m/s2 or 49 N

b)
W = F � d

= (49 N)(1.6 m)
= 78.4 Nm or 78 J (Nm = J)

c)
PEgravitational = mgh

= (5.0 kg)(9.8 m/s2)(1.6 m)
= 78 J

Should you be surprised that this is the same
answer as Part (b)? No, because you are
familiar with energy conservation.You know
that the work is what gave the bag the
potential energy it has. So, in the absence of
work that may be converted to heat because
of friction, which you did not have in this case,
the work equals the potential energy.

d) 
KE = �

1
2

�mv2

v2 = 

= 

= 31 m2/s2

v = 5.6 m/s

78 J
�
1
2

�(5.0 kg)

KE
�
1
2

�m
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PHYSICS TALK

Work

When you lifted your body from the ready (crouched)
position to the launch (standing on tiptoes) position before
takeoff during the vertical jump activity, you performed
what physicists call work. In the context of physics, the
word work is defined as:

The work done when a constant force is applied to 
move an object is equal to the amount of applied force
multiplied by the distance through which the object moves
in the direction of the force.

You used symbols to write the definition of work as:

W = F.d

where F is the applied force in newtons, d is the distance
the object moves in meters, and work is expressed in joules
(symbol, J). At any time it is desired, the unit “joule” can
be written in its equivalent form as force times distance,
“(N)(m).”

The unit “newton” can be written in the equivalent form
“(kg)m/s2.” Therefore, the unit joule also can be written in
the equivalent form (kg)m2/s2. In summary, the units for
expressing work are:

1 J = 1 (N)(m) = 1 (kg)m2/s2

As you read, it is very common in sports that work is
transformed into kinetic energy, and then, in turn, the
kinetic energy is transformed into gravitational potential
energy. This chain of transformations can be written as:

Work = KE = PE

Fd = �
1
2

�mv2 = mgh

These transformations are used in the analysis of data for
a vertical jump.
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Example:
Calculation of Hang Time and Force During Vertical Jump

DATA: Body Weight = 100 pounds = 440 N
Body Mass = 44 kg
Legwork Height = 0.35 m
Jump Height = 0.60 m

Analysis:
Work done to lift the center of mass from ready position to
launch position without jumping (WR to L):

WR to L = Fd = (Body Weight) × (Legwork Height)
= 440 N × 0.35 m = 150 J

Gravitational Potential Energy gained from jumping from
launch position to peak position (PEJ):

PEJ = mgh = (Body Mass) × (g) × (Jump Height)
= 44 kg × 10 m/s2 × 0.60 m 
= 260 (kg)m2/s2 = 260 (N)(m) = 260 J

The jumper’s kinetic energy at takeoff was transformed to
increase the potential energy of the jumper’s center of
mass by 260 J from launch position to peak position.
Conservation of energy demands that the kinetic energy at
launch be 260 J:

KE = �
1
2

�mv2 = 260 J

This allows calculation of the jumper’s launch speed:

v = �2�(�K�E�)�/�m� = �2�(2�6�0� J�)/�(4�4� k�g�)� = 3.4 m/s

From the definition of acceleration, a = ∆v/∆t, the jumper’s
time of flight “one way” during the jump was:

∆t = ∆v/a = (3.4 m/s) / (10 m/s2)  = 0.34 s
Therefore, the total time in the air (hang time) was 
2 × 0.34 s = 0.68 s.

➔
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The total work done by the jumper’s leg muscles before
launch, WT, was the work done to lift the center of mass
from ready position to launch position without jumping,
WR to L = 150 J, plus the amount of work done to provide
the center of mass with 260 J of kinetic energy at launch,
a total of 150 J + 260 J = 410 J. Rearranging the equation
W = F�d into the form F = W/d, the total force provided by
the jumper’s leg muscles, FT was:

FT=
WT

(Legwork Height)

= 410 J / 0.35 m

= 1200 N

Approximately one-third of the total force exerted by the
jumper’s leg muscles was used to lift the jumper’s center of
mass to the launch position, and approximately two-thirds
of the force was used to accelerate the jumper’s center of
mass to the launch speed.

Reflecting on the Activity and the Challenge
Work, the force applied by an athlete to cause an object to 
move (including the athlete’s own body as the object in some
cases), multiplied by the distance the object moves while the
athlete is applying the force explains many things in sports.
For example, the vertical speed of any jumper’s takeoff (which
determines height and “hang time”) is determined by the
amount of work done against gravity by the jumper’s muscles
before takeoff. You will be able to find many other examples of
work in action in sports videos, and now you will be able to
explain them.
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Physics To Go
1. How much work does a male figure skater do when lifting a

50-kg female skating partner’s body a vertical distance of 
1 m in a pairs competition?

2. Describe the energy transformations during a bobsled run,
beginning with team members pushing to start the sled and
ending when the brake is applied to stop the sled after
crossing the finish line. Include work as one form of energy
in your answer.

3. Suppose that a person who saw the video of the basketball
player used in For You To Do said, “He really can hang in 
the air. I’ve seen him do it. Maybe he was just having a ‘bad
hang day’ when the video was taken, or maybe the speed of
the camera or VCR was ‘off.’ How do I know that the player
in the video wasn’t a ‘look-alike’ who can’t hang?” Do you
think these are legitimate statements and questions? Why 
or why not?

4. If someone claims that a law of physics can be defied or
violated, should the person making the claim need to provide
observable evidence that the claim is true, or should someone
else need to prove that the claim is not true? Who do you
think should have the burden of proof? Discuss this issue
within your group and write your own personal opinion in
your log.

5. Identify and discuss two ways in which an athlete can
increase his or her maximum vertical jump height.

6. Calculate the amount of work, in joules, done when:

a) a 1.0-N weight is lifted a vertical distance of 1.0 m.
b) a 1.0-N weight is lifted a vertical distance of 10 m.
c) a 10-N weight is lifted a vertical distance of 1.0 m.
d) a 0.10-N weight is lifted a vertical distance of 100 m.
e) a 100-N weight is lifted a distance of 0.10 m.

7. List how much gravitational potential energy, in joules, each
of the weights in Question 6 above would have when lifted
to the height listed for it.
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8. List how much kinetic energy, in joules, each of the weights
in Questions 6 and 7 would have at the instant before
striking the ground if each weight were dropped from the
height listed for it.

9. How much work is done on a go-cart if you push it with a
force of 50.0 N and move it a distance of 43 m?

10. What is the kinetic energy of a 62-kg cyclist if she is moving
on her bicycle at 8.2 m/s?

11. A net force of 30.00 N acts on a 5.00-kg wagon that is
initially at rest.

a) What is the acceleration of the wagon?
b) If the wagon travels 18.75 m, what is the work done on

the wagon?

12. Assume you do 40,000 J of work by applying a force of 
3200 N to a 1200-kg car.

a) How far will the car move?
b) What is the acceleration of the car?

13. A baseball (m = 150.0 g) is traveling at 40.0 m/s. How much
work must be done to stop the ball?

14. A boat exerts a force of 417 N pulling a water-skier 
(m = 64.0 kg) from rest. The skier’s speed is now 15.0 m/s.
Over what distance was this force exerted?
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