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Overview

Connect Your Students to Engineering and Science

The NASA Engineering Design Challenges connect students with the work of
NASA engineers by engaging them in related design challenges of their own.
With some simple and inexpensive materials, you can lead an exciting unit
that focuses on a specific problem that NASA engineers must solve and the
process they use to solve it. In the classroom, students design, build, test,
and revise their own solutions to problems that share fundamental science
and engineering issues with the challenges facing NASA engineers.

The NASA Space Transportation Program

NASA has been propelling spacecraft into Earth-orbit and beyond for more
than forty years. Normally we think that propulsion is needed only to launch
satellites into orbit. However, keeping a spacecraft in orbit around the Earth
also requires propulsion, either to maintain or increase its orbit. Propulsion is
also used to hasten the eventual decay of a satellite’s orbit. This allows the
satellite to return to Earth quickly, so it won’t become space junk endangering
other satellites. (Without a system to boost the satellite it would eventually
spiral into ever-shrinking and ever-lower orbits. You may remember Space
Lab’s demise and the concern over keeping the Russian Space Station MIR in
orbit.)

Currently, spacecraft maintain and control their orbit by using rocket thrusters
that operate by ejecting gas at high speed. But it is expensive to carry rocket
fuel into space.

Therefore, NASA engineers at the Marshall Space Flight Center, with their part-
ners at other NASA centers and in private industry, are investigating alterna-
tive systems that use little or no fuel. One such system uses electrodynamic
propulsion by means of long, electrically conducting wires, called space teth-
ers. The basis for this system is the fact that magnetism—such as the natu-
rally occurring magnetism of the Earth—can act on any electrically conducting
wire, by giving it a push. With a strong enough push acting on such a wire,
the wire can propel anything attached to it.

You can find out more about how this system works, and how it relates to the
student challenge, in the Science Background, which is found in another sec-
tion of this guide, Preparing to Teach the Unit.

Your students will learn about this new system and the challenges faced by
NASA engineers and scientists. Students will design and test a classroom ver-
sion of an electrodynamic propulsion system.

The Design Challenge

You will present students with a challenge: Design, build, and mount a wire
arrangement that will push a model electric train car along the track as far as
possible, using the magnetism supplied by a strong, hand-held magnet.

How will your students push this
train, using a magnet and electric
wire?
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The model train represents a spacecraft moving from lower to higher orbit using
electrodynamic propulsion.

Overview of Student Process

Students first examine a prototype which demonstrates the principal of electro-
dynamic propulsion. They then investigate how different configurations of cur-
rent-carrying wires behave in the presence of a specific, hand-held magnet (a
cow magnet). Using this new knowledge, they move on to design, build, test,
and revise their own electromagnetic propulsion systems for the train car.
Throughout this process, students document their designs with sketches and
written descriptions. In a culminating activity they review the evolution of their
designs, their thinking throughout the engineering process, and their insights
about how the system works.

Materials Overview

Students will work with magnets, light bulbs, batteries, wire, and craft supplies.
With you, they will also operate a model, toy train car on a safely electrified
track. The specific materials required, as well as hints on where to find these
items, are listed in the section of this guide, Detailed Materials List.

Time Required

Preparation

You will need to invest 4-8 hours gathering the materials, preparing equipment,
trying out your own designs, reading the guide, and preparing the classroom. If
you are new to this topic, the materials and content may seem daunting at first.
It may help if you keep in mind that this preparation will provide you with
many hours of valuable classroom experiences to work on with your students.

Implementation

This project will take about twelve 45-minute sessions to implement. During
this time, students will not only develop important engineering skills and
knowledge about technology, but also will have multiple opportunities to con-
duct experiments, record and analyze data, work with safe electrical equipment,
communicate and collaborate with each other, develop new ideas about magne-
tism and force, and observe a fundamental force at work.

Using the Rest of This Guide

The rest of this guide is divided into several sections, which introduce informa-
tion as follows:

Preparing to Teach the Unit

This section provides basic content background and information about what to
expect within the classroom. It also provides a summary of the planning steps
you will have to take to implement the program, as well as some safety consid-
erations.
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Classroom Sessions

For each session, this section provides a summary, learning goals, step-by-step
summary, materials list, and, finally, detailed steps that highlight important
conversations and experiences in which to engage your students.

Detailed Materials List
This is where you will find the specifications on the materials you need for this
project, and where to find them.

Supporting Broader Educational Goals
This section includes educational information about how this project links to
the National Science Education Standards and other curriculum areas.

Setting Up and Using the Equipment for This Project
Here you will find very detailed information on how to set up, operate, and
troubleshoot all of the equipment.

IFAQs: More About Electrodynamic Tethers in Space
This section provides additional information about the electrodynamic tether
system and how and why it works.

Resources
This is a list of additional support for learning about the related content.

Masters
Masters for student and parent handouts, as well as for overhead transparen-
cies, are collected in this final section of the guide.
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The Four Phases of the Project

This Electrodynamic Propulsion Design Challenge moves through four distinct
phases, in about twelve sessions (assuming that each session is a 45-minute
period). The four phases are outlined below and are roughly correlated to
their respective sessions. However, it is difficult to predict exactly how long

each phase will take.

Phase Highlights Sessions in
Each Phase
Introduction to engineering; introduction to student engineering One
project, in which students meet a challenge.
1 Introduction of NASA’s propulsion challenge and how NASA engineers
Introduction hope to solve it; introduction of classroom challenge based on same idea.
Introduction of magnet wire, a key material used throughout the
challenge project.
Student engineers explore different wire arrangements’ response to the cow | Two and
2 magnet. Students collect, share, and analyze data from this research, Three

Magnetic Push
Tests

identifying promising features to include in their designs.

Students also begin to talk about their emerging understanding of the
magnetic effect on the wire.

3

Design and Test
Propulsion
Systems on the
Train

Students experience the design-test-revise-redesign engineering cycle.

They may integrate the Magnetic Push Tests into their design work. As they
gain more experience observing the effect of a magnet on a current-carrying
wire, they continue to identify some key features to include in their wire
arrangements, and consider how mounting the arrangement might affect

its performance.

Four through
Eight

4

Wrapping Up the
Experience

Students reflect on their ideas about why specific design features help
generate a stronger force and move the train. They review their engineering
process and develop storyboards to share these insights with others. Finally,
students compare their work with the work of engineers at NASA.

Nine through
Twelve
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Preparing to Teach the Unit

Planning

This section provides an overview of how to prepare for teaching this project,
and also refers you to other helpful sections of this guide. It should take you
5-10 hours to completely prepare for this project.

Decide how this fits into your program

This project strongly supports Design Standards 8-10 of the International Tech-
nology Association’s Technology Content Standards. It is also consistent with
Benchmarks for Science Literacy, published by the American Association of the
Advancement of Science, as well as The National Research Council’s National
Science Education Standards. The section in the back of this guide, Supporting
Broader Educational Goals, provides information about how this project links
to the National Science Education Standards. Also included in that section are
details about how this project supports development of math abilities and
math and critical thinking skills.

Inform and involve other community members

The support and involvement of others can strengthen student learning. To
help parents and other caregivers constructively support this project, you may
wish to send them the information that has been prepared for this purpose.
(See the Masters section of this guide.) It may be especially important to ex-
plain what is happening in the classroom—and why it is beneficial to stu-
dents—if this is your first design project.

You might also wish to involve scientists and engineers in the student’s explo-
rations. This may be particularly relevant prior to initiating the project or to-
wards the end of it. See Sessions Eleven and Twelve, and relevant suggestions
noted there, for ways to involve these professionals.

Take a deep breath...

To support a wide range of teachers with various needs, this guide presents
nearly all of the information that any teacher might need to consider when
implementing this project.

Readers (like you!) may get the idea that you are “supposed” to know the
information already; or, given that you will need to learn it, that you must
learn all of it, equally well, all at once—and before beginning to teach the
program.

This is not the case.

Learning for adults is like learning for children—it takes time, multiple hands-

on experiences, reflection, and a willingness to return to ideas, cycling through
the learning process. As you work to become familiar with this project, please

remember that you don’t need to become well-informed all in one big gulp.
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...And then become familiar with the topic and materials

This project is based on the premise that student learning depends upon their
direct experience with materials. Why should this be different for you? Try
gathering a few simple materials—batteries, bulbs, wire, two bar magnets,
and, if you have them, two cow magnets—and having them on hand as you
read the Science Background in this guide. Focus on what you can do and
notice, using this guide as a prompt to interpret your observations. Weaving
experiences with ideas can help you become familiar with the basics.

If you choose to deepen your science understanding, try additional explora-
tions with the materials, read the Background again for more subtle points, or
consult the selections written and listed in the Resources section of this guide.

Another section of this guide, Setting Up and Using the Equipment for this
Project, provides information that will lead you, step by step, through using
the materials.

Start preparing the physical materials

There are several demonstrations and equipment set-ups to learn about. This
may be daunting at first. Try to keep in mind:

e Each individual set-up takes only a few minutes to complete. Novices
may take about 15 or 20 minutes to learn and then become practiced
with some of these set-ups. Consider grabbing a buddy for moral
support.

e Once you prepare these materials, they will be used in your classroom
for over two weeks of instruction. You won’t need to prepare materials
daily.

e Most of the materials that you need to purchase and prepare are non-
consumable. The next time you teach this project, you will be all set and
ready to go.

Consult the Detailed Materials List to find out the specific types of bulbs, bat-
teries, wire, and magnets you will need to implement this project. Here you
will also find information on the model train materials, which are available in
many hobby shops. You may need to order some materials from science cata-
logues.

Also learn the specifics of setting up the equipment and demonstrations.
Spend some time working with the materials so that you will be prepared to
show your students your own helpful hints. Consider preparing zip-lock bags
or shoeboxes of materials for every team; this is not necessary, but many
teachers find that it helps keep materials organized throughout the project.

Prior to teaching the project you will need to set up one of each of the follow-
ing items:

For Session 1
e EZ Flex Demonstration Wire Arrangement Card

e Demonstration of the effect of the Earth’s magnetic field on a current-
carrying wire

e Train track with prepared, modified model train (used in Session 1 and
beyond)
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For Session 2
e Magnetic Push Test Stand

e Wire Arrangement Card for Magnetic Push Test Stand Demo
e Student materials organized in boxes or bags
e Prepared strips of manila folders or manila folders for students to cut

For Session 4
e Multiple cardboard platforms cut to size, for student mounted assemblies

e Materials Center, for students to use when building mounted assemblies

For Session 10
e Materials for student storyboard production

Finally, prepare copies of masters and organize other paper materials. You will
need to prepare the following print items:

¢ Image of a tethered satellite, 1 copy only (Tethered Space Satellite
master)

e |Image of a fuel-propulsion system being used on a spacecraft, 1 copy
only (Rocket Thrusters master)

e [llustration of Earth with satellite in orbit, optional (Tethered Satellite in
Earth Orbit master)

e Montage of electrodynamic tether satellites in use on futuristic
spacecraft, 1 copy only (Space Tethers of the Future master)

e Magnetic Push Test Results Sheet (3 or more copies per team of 4
students)

e Design Specifications and Test Results sheets (multiple copies per team
of 2 students)

e The True Tale of the Ill-Fated Tether (1 copy per student)
e Two Propulsion Systems Compared (1 copy per student)
e Two Engineering Design Processes Compared (1 copy per student)

e Brief, and Complete Versions of The Design Challenge Statement
(optional; 1 each, as overhead transparencies)
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A force is a push or a pull.

Whether moving satellites or
trains, professional and student
engineers seek to apply a force to
an object.

Student and professional engi-
neers will apply the same force—
magnetism-to push an object
equipped with an electrically
conducting wire.

Science Background

Propulsion Systems: What’s the Challenge?

NASA engineers are busy developing systems that will help move satellites in
orbit—such as the International Space Station or various communications or
research satellites— without using the rocket propellants that currently do this
job. It costs a lot to launch the necessary rocket fuel into space, so NASA
seeks to develop a lightweight, inexpensive, and convenient alternative way to
move spacecraft. Not only would such an alternative save money but also it
would reserve space and weight for equipment and supplies.

Your students will soon be trying to move a model satellite—actually a toy
train—along a track, using their clever designs and a specific set of materials.
These professional and student engineers alike share the same problem:

How can we push on an object so it moves the way we want it to?
In the language of physics:
How do we apply a force to an object so it moves the way we want it to?

Generally speaking, a force is any push or pull on an object. Space satellites
and the students’ train will be pushed, not pulled. So, for the downright tech-
nically minded, this distinction leads us to yet another refinement:

How do we apply a propulsive force to an object so it moves the way we want
it to?

This problem statement is at the core of both this classroom project and
space transportation. To propel the train, students will specifically use an elec-
tromagnetic push, the force of magnetism against a wire that has electricity
flowing through it. Students will equip the train with an electric wire, which
will respond to magnetism by moving.

Similarly, NASA engineers at Marshall Space Flight Center, along with their pri-
vate research and industry partners, are devising a system that uses the
Earth’s natural magnetism to push satellites into higher or lower orbits around
the planet. The satellites will be equipped with electrically conducting wires,
called tethers, which will respond to the Earth’s magnetism by moving. NASA
wants to use such a system to replace the costly, rocket-fueled propulsion
system in use now. More on this will follow, but first, take a few moments to
refresh your mind about some general ideas about force.

Forces: A Quick Review

Many of the forces we think about require physical contact in order to work.
Turning a doorknob requires that we touch the knob to apply a twisting pres-
sure. Jumping into the air requires that our feet touch and then push off the
ground. Walking a curious dog requires that we pull on a leash that is at-
tached to the dog’s collar.

Other forces don’t require contact between the objects that are being pushed
or pulled. For example, gravity is a force of attraction that affects objects,
even when they are not touching. After jumping into the air, we are not touch-
ing the Earth, yet this force works to pull us back to it. (By the way, ever so
slightly and imperceptibly we also pull the Earth towards us).
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Magnetism: A Brief Overview

Magnetism is another force that can work on two objects, even when they are
not in physical contact with one another. For example, the magnetism of a
small bar magnet causes a paper clip to leap towards it, before the magnet
actually physically contacts the clip. In addition, magnets can push and pull on
each other. This is something you can observe readily with two bar magnets.

The Earth has a natural magnetism of its own. In
fact, we can think of it as a giant magnet. (Scien-
tists think that the Earth’s magnetism is caused by
convective currents in Earth’s molten iron core.) The
Earth’s magnetism makes navigation with com-
passes possible, because compass needles are
magnets that are free to move in response to this
magnetism. Thus, without touching the Earth, one
end of a compass needle is drawn toward one mag-
netic pole of the Earth, and away from the other.
We observe that the needle aligns itself in a North-
South direction.

Try It!

Magnets can push and pull on each other. Try holding two

bar magnets or two cow magnets end to end. Turn one
magnet around so its other end now faces the other magnet.
Notice that in one case, the magnets were drawn toward

each other; in the other case, they were pushed apart.

The Earth’s magnetism is a key part of how NASA engineers hope to solve the
problem of pushing on an object—a satellite—in order to move it into higher
or lower orbits. They hope to use a special electromagnetic effect that scien-

tists, engineers, and tinkerers have appreciated for some time, but that many
other people—including many teachers—have not necessarily known about.
Yet, as you operate appliances with electric motors, you use this effect daily.

We can think of the Earth as a giant
magnet. Its magnetism plays a
critical role in NASA’s new propul-
sion system.

Your students will work with this same effect in their attempts to move

the train.

Special Magnetic Effect on Electric Wires
So, what’s this special effect?

A magnet can make a wire move, if that wire is conducting
electricity. The magnet exerts a force on the wire.

This fact may surprise you. It surprised a lot of people in the
19™ century, when it was discovered. Nonetheless, with simple
electrical equipment and a strong enough magnet in hand, you
can observe the results of this force for yourself. Why not give
it a try? See the Try It! Box

The Electrodynamic Tether System: Using the
Magnetic Effect on Electric Wires to Push Objects

NASA engineers will put this effect to work in space. From an

orbiting satellite, they will extend a long, electrically conduct-
ing wire, a so-called electrodynamic tether. The Earth’s magne-
tism will push the wire. If the force is great enough, not only

the wire, but also the spacecraft attached to it, will move.

Interestingly, in space, it does not take much force to move a
satellite. NASA is hoping to generate a force roughly equivalent
to the force required to lift about half a cup of milk. This mod-

Try It!

To see the magnetic effect on a current-carrying
wire, set up a simple circuit with two fresh
batteries and a 12-inch length of lightweight,
thin copper wire. Bring a strong magnet

-like a cow magnet—close to the wire.

Watch it move. Disconnect the circuit. Observe
that the wire does not move in response to the
magnet.

WARNING: This short circuit heats up quickly.
Avoid holding the wire, and

work with it on only for brief periods at a time.
Consult Session One and related Equipment Set-
Up items to see how you will demonstrate this

effect in class in a more controlled way.
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est force, applied intermittently over time, will be sufficient to keep the Inter-
national Space Station in orbit, indefinitely. This electrodynamic push could
replace rocket propulsion for orbital maneuvers. Roughly one billion dollars’
worth of fuel launches—100,000 pounds of fuel—would be saved over ten
years.

So, electromagnetic propulsion, provided by the electrodynamic tether propul-
sion system, promises to provide one answer to the question, “How can we
apply a force to an object (in this case, the satellite) so it moves the way we
want it to?”

Of course, putting this system to work will require solutions to more engineer-
ing questions, such as:

e How can we get enough propulsive force to actually move the satellite?
How can we direct the force, so that we can make the satellite go where
we want it to go?

e How can we control the system so it doesn’t cause other major problems
for the satellite?

e How can we optimize the system?
e What specific design features will work best?

These questions can be answered through analysis, calculation, and ultimately
experimentation, which will include some trial and error. Similarly, your stu-
dents will work with the same electromagnetic effect and create their own
electrodynamic propulsion systems for their trains.

However, student systems will differ from NASA’s satellite propulsion system.
Some key differences include:

e The students’ magnet is different from the magnetic Earth. The cow
magnet exerts a much stronger force in a smaller space.

e The train is neither orbiting nor moving in an extremely low friction
environment.

e The wire is shorter than the tether.

Getting to Know the Electrodynamic Propulsion System for the
Train

The following pages should help you learn some general principles that will
help you understand how the electromagnetic train propulsion systems might
be optimized. This information should also help you facilitate students’ experi-
ences as they work with the materials and try to solve the challenge. As you
work with the students, avoid telling them the solution. Avoid giving them
clues to guess. Instead, allow the solutions to emerge, and seek out ways of
helping students interpret their experiences so that they can begin to develop
an understanding of why the options work.

Refining the students’ engineering problem

Once students see that they will harness the electromagnetic force to propel
the train, their engineering question will shift slightly. You will have demon-
strated the effect of a magnet on a strand of electric wire, as well as the fact
that the subtle effect, as demonstrated, will not move the train. They will need
to explore the following problem:
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How do we change the system to get more oomph out of this effect?
More technically, the question becomes:

How can we design this electrodynamic system to get a force strong enough
to move the train?

Focus of design
We want to focus students on modifying two elements of the train’s electrody-
namic wire propulsion system:

e The geometry of the wire.

Different arrangements will result in different total amounts of force on
the wire. The primary principle governing the success of arrangements is
that as much wire as possible is placed in an organized way within the
magnetic field of the cow magnet. See the next few pages for details.

e The way the wire is mounted to the train.

Various mounting assemblies differ in the efficiency with which they
transfer useful force from the wire to the train. Ultimately, the wire will
need to be mounted so that it physically pushes against the train in a
forward direction. Successful arrangements will support the wire to
prevent excessive swinging. Also, the wire should be mounted so that
the magnet can be brought close to it in an orientation that maximizes
the force. See the next few pages for details.

Of course, there are other components that students might think to modify.
For example, they might suggest changing the amount of electricity that flows
through the wire; increasing the number of magnets used near the wire; add-
ing a magnet to the train; making the train lighter or otherwise different; or
switching to a different type of wire. However, the design challenge deliber-
ately eliminates these choices. By focusing student attention on the wire ar-
rangement and mounting assembly, the challenge will encourage all students
to study these components in depth.

Specific Features of Designs to Move the Train

The Geometry of the Wire

NASA’s wire tether stretches straight out from the satellite, extended in and
entirely surrounded by Earth’s magnetic field. In this magnetic field of the
Earth, it experiences a force. In contrast, a long, straight wire for the train
system will be terribly ineffective. Yet, that same wire, formed into one of vari-
ous possible geometric arrangements, can be extremely effective. What ac-

counts for this difference? How can shape possibly make a difference in how Surrounding a magnet is a space,
the same wire functions on the train system? It matters because the magnetic  or field, in which the effects of its
field has a shape. magnetism can be observed. This

force field is called the magnetic
The magnetic field of the Earth is very large and extends entirely around the field.

Earth. Over short distances, like 10 or 20 km, it does not vary significantly in
strength. Thus, the entire tether remains within a uniform part of the magnetic
field of the Earth. The cow magnet, however, has a magnetic field that varies
greatly in strength over a distance of just a few inches. The field strength six
inches from the magnet is much weaker than the field one inch from the mag-
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Try It!

Explore the cow magnet’s magnetic field. Hold two cow
magnets end to end, so that you feel the repelling force.
Hold one magnet firmly, and the other, loosely. Slowly move
the looser magnet closer to and farther from the magnet.
Move the looser magnet around the entire other magnet.
Where is the force of repulsion strongest? Weakest? What
shape does the loose magnet trace? How far away from
each other are the magnets when you first feel the force?
Try this with bar and other magnets, too. For more ideas,
see the Magnetic Field Explorations at the end of the

Classroom Sessions section of this guide.

net. Wire that is essentially outside the magnetic
field experiences little or no force. Shaping the wire
can increase the amount of wire that falls within the
magnet’s force field. See the Try It! Box for some
easy activities that will give you a better sense of a
magnet’s magnetic field.

Every magnet is surrounded by a magnetic field. It
is a “magnetically forceful space.” Within this space,
the magnetism can affect susceptible materials, in-
cluding paper clips or an actively conducting electric
wire. The closer you get to a magnet, the stronger
its magnetic force; the farther away, the weaker the
force. So, a cow magnet placed near a long stretch
of electric wire can only affect a small part of the
wire. Rearranging the wire so that more of it is very
close to the magnet increases the total amount of
force that the wire experiences. This is a key prin-
ciple to successful designs for the train’s electro-
magnetic propulsion system.

Of course, at the start of their design process, your

students will not know this principle. This is one of the ideas that they will
discover. Through experimentation, trial and error, and your careful facilitation,
they will arrive at designs that adhere to this principle, and come to express it

in their own terms.

Key Geometric Features of Wire Arrangements that Work Well
The key features of the wire arrangement include:

Try i1

You can quickly explore the effect of shape or size on the
wire’s response to magnetism by taking a wire in a circuit
and shaping it into various shapes and sizes. Make and
close a simple circuit with batteries and the wire. Observe
what happens when a magnet is brought near each arrange-
ment. Try big and small triangles, circles, and bunched up

pieces of wire.

A more complete exploration is described in Session Two

and in Magnetic Explorations. (See Classroom Sessions.)

WARNING: This short circuit heats up quickly. Avoid holding
the wire, and work with it on only for brief periods at a

time.

e shape

® size

e the number of times that the single length of wire
is wrapped, or looped, into that shape

e the direction in which the wire is arranged,
wound, or formed into the shape

Shape

Explore the size and shape of the cow magnet’s
field, as suggested in the Try It! Box, above. If you
do so, you will find that the most intense area of
magnetism surrounds each end of the magnet, in a
roughly spherical shape. (It sort of distorts from a
sphere as you move towards the center of the mag-
net.) Because the field is so evenly distributed
around the pole, it makes sense to make a wire
shape that will surround it. Circles, squares, and
small triangles are a few examples of shapes that
can achieve this, although there are plenty of others
that work well.

Circles and triangles, however, are flat shapes. They
don’t extend all the way along the cow magnet’s
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length, although the magnetic field does extend along the magnet. More three-
dimensional forms, such as cones, or elongated tubes with variously shaped
cross-sections can also be quite effective. (The cones and tubes can be made
by wrapping the wire around a base of the desired size, and then forming it as

necessary.) You can explore the different effects of shape for yourself.

Size

Explore the size and shape of the cow magnet’s
field, as suggested in the first Try It! Box on the
previous page. If you do so, you will find that the
strongest magnetic field is, as expected, close to
the magnet. (The tips, or poles, of the magnet
exert the most intense force.) The size of the wire
arrangement should be small enough to fit inside
the most intense parts of the magnetic field. A
given amount of wire will need to fit into a volume
that is within a few inches’ radius—at most—of the
magnet’s end. Outside of this space, any additional
wire is largely ineffective.

Number of Times the Wire is Wrapped
Wrapping is one way to ensure that as much wire

Try It!

Make an EZ Flex Demonstration Wire Arrangement Card
by taping wire to a strip of manila folder, as shown
below. Make a simple circuit using this wire and some
batteries. Bring a pole (tip) of the cow magnet up to the
wire stretched across the notch in the card. Observe the
direction of the wire card’s motion—to or from the
magnet. Keep track of which end of the magnet you have
used, and then switch the wire’s connections to the

batteries. Bring the same pole of the magnet up to the

as possible fits into the magnetic field. One way to
make a simple loop of wire—say, a circle—is to
wrap the wire around something cylindrical. You
can make a form with many loops, or wraps, by
continuing this process, winding it up as you go.
Wrapping a long wire is a way to transform a
straight continuous length into one that has the
desired shape and cross sectional size, and which
also begins to fill some of the three dimensional
field. Wrapping in the way just described does
something else, as well. It ensures that the wire
never doubles back; it always turns in the same direction. As you will learn
below and by experiment, this is another important feature of successful ar-
rangements.

same side of the wire. Observe that the wire’s response

is in the opposite direction.

WARNING: This short circuit heats up quickly. Avoid
holding the wire, and work with it on only for brief

periods at a time.

Direction of Current Flowing through the Wire

Students will be given random, squiggled masses of wire as one type of ar-
rangement to make and test in Session Two. They can also make squashed
ovals, whose sides have been pushed together, zig-zags, and other less-than-
regular-polygonal forms. Many of these arrangements can concentrate a lot of
wire in a small space around the magnet, yet even when connected to the
electrical circuit they barely move in response to the magnet. This is because
the direction of the current that flows through the wire determines the direc-
tion of the wire’s motion. You can explore this briefly; see the Try It! box
above.

Current moving from left to right will result in a wire’s response in one direc-
tion, say up, when one of the poles of the magnet is brought towards it. Cur-
rent moving in the opposite direction—say, you switch the wire’s connections
to the battery terminals—will result in a downward wire motion. If you were to
fold a wire and trace the current flowing through it, your hand would move
from left to right, to the fold, and then from right to left. The magnet would
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“Unorganized” wire arrangement

“Organized” wire arrangement

seem to have no effect on this switched-back wire because the upward and
downward responses would effectively cancel each other out.

This relationship is too subtle for most students to observe, but they may
remark that “organized” or “symmetric” forms seem to work better than cha-
otic or random ones. Some of their observations can provoke a sense of in-
trigue; you can feel free to allow that sense of wonder to simmer, without
needing to explain what is happening.

Attachment of the Wire Arrangement to the Train

Students will need to mount their wire arrangements to a cardboard platform,
which in turn will be attached to a platform base on the train. How they
mount the wire will affect whether the train moves. In some cases, a wire ar-
rangement that is quite responsive to the magnet will not move the train be-
cause students have allowed the wire to swing freely on the cardboard.

The wire moves because the magnet is exerting a force on it. If you were to
constrain the wire’s motion by using some sort of supporting structure con-
nected to the platform, the wire would transfer this force to the supports; they
would, in turn, transfer the force to the train.

Nonetheless, many students believe that it is desirable to keep the wire free
to swing. They equate movement with force. More swing, they seem to think,
means more push against the train.

This design challenge is a great opportunity for students to explore these
ideas. You can have discussions about whether the way the wire is attached
(“loosely” or “rigidly”) seems to have an effect on the train’s motion. You can
encourage students to express their ideas in their own words. Observing tests
of various designs and having these discussions will encourage students to
think through the problem and to explore which type of design is preferable.

When students design their mounting assemblies, some have a tendency to
add materials that seem to “help the electricity” or “increase the magnetic
power” (phrases students have used). Aluminum foil and paper clips are favor-
ites. (Aluminum foil does not even respond to the magnet!)

We would not expect these materials to help the designs meet the challenge.
Any ferromagnetic material—a material that is not a magnet but which re-
sponds to magnetism, such as the steel in a paper clip—is attracted to the
magnet—not repulsed. Aluminum foil shows no observable ferromagnetism.
And adding other conductors in the circuit is not allowed. (This would compli-
cate the electric current flowing through the wire itself, introducing a variable
that is kept constant.) Yet student ideas about the efficacy of such materials
can persist.

The students have an ingrained sense—if ill-defined articulation—that these
materials are somehow “good at” something related to electricity and magne-
tism. It is useful to encourage students to try to explain their ideas in as much
detail as possible, and then keep returning to the question so that they can
become aware of their ideas and the evidence that supports and does not
support them.
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Orienting the Magnet in Relation to the Wire

Pay attention to how the magnet is oriented relative to the wire, for the force
exerted on the wire changes with respect to the angle at which the two are
positioned. Formal studies of this effect have yielded the following insight: To
maximize the force, the electric current’s direction should be at right angles to
the magnetic field lines. (The concept of magnetic field lines can be visualized
as the direction at which a compass needle will point when it is in a specific
location near a magnet).

It's important only that you and your students notice the different response of
the wire to the magnet when the magnet is held at different angles to the
wire. Ask students to identify how the magnet should be held to get the maxi-
mum effect.

An awareness of this relationship, even if it is intuitive, will help some stu-
dents with their designs. The cow magnet has to point at the wire in a certain
way. The wire has to be accessible when it is mounted on the train.

Orienting the Wire on the Mounting Assembly
It is important to make the wire accessible to the magnet. The wire must be
oriented so that the magnetic field can reach it.

It is also important to attach the wire so that it transfers a forward force to
the train. It won’t be effective to apply the force mainly in a downward, back-
ward, sideward, twisting, or diagonal force. This makes sense when you think
about pushing the train with your