The Electric Motor
The electric motor changed the course of history in two ways. It changed the way that goods are
manufactured in factories. Prior to the transformation of factories by electric motors, machines were
driven by a power source such as a water fall or steam engine. A series of belts ran from one machine to
another across the factory.
Although the first electric motor in the U.S. was patented near the beginning of the 19th century, batteries
of that era did not provide enough power to make electric motors practical in factories. Development of
the electric power grid near the end of the 19th century changed that. By the early twentieth century,
almost all factories made the transition to electric motors. The result was a remarkable increase in
productivity. At the beginning of the nineteenth century, America was a rural agricultural country. By the
early twentieth century, the U.S. led the world in manufacturing productivity. Electric motors played an
important role in this transition.
Electric motors changed American life in another important way. Electric appliances like the washing
machine transformed home life. In 1800 more than 60 hours per week were spent on household chores
like hauling water and chopping wood. Laundry alone was a two-day process. The Swedish scientist Hans
Rosling points out that washing machines freed up time that was previously spent on back-breaking
drudgery. Professor Rosling’s mother used the leisure time that resulted to take him to the library. As a
result, he learned to read at an early age, eventually embarking on a career as a scientist. In other farreaching social effects, the leisure time provided gave people time to listen to a new invention, the radio,
together as a family in the evening. Eventually, it made it possible for women to enter the work force.

An Age of Discovery
An understanding of the electric motor can help us understand how we arrived at this point, and how
it might affect our future. The word motor is derived from a Latin word that means “to move.” In a
literal sense, an electric motor is a device that produces movement through electromagnetic energy.
When the north pole of one magnet faces the south pole of a second magnet, the opposite poles attract
one another.

Opposite poles attract: The south pole of Magnet 1 faces the
north pole of Magnet 2, moving the two magnets toward one another.
A series of discoveries at the beginning of the nineteenth century led to invention of the electric
motor. Volta invented the electrical battery in 1800. Batteries provided a reliable source of electrical
current that led to the following discoveries:
1. An electrical current conducted by a wire generates a magnetic field.
2. If the wire is wrapped into a coil, this strengthens the magnetic field.
3. If an iron core is inserted into the center of the coil, this further strengthens the magnetic
field.
Invention of the battery led to invention of electromagnets. Electromagnets make motors possible. All
electric motors today make use of electromagnets in one form or another.
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Joseph Henry was at the forefront of electricity and magnetism research. Henry taught at Princeton
and later became the first secretary of the Smithsonian. Among other accomplishments, Henry
invented an electromagnet that could lift 750 pounds. Henry also invented an early proof-of-concept
motor. Although Henry’s motor demonstrated the potential of electric motors, it was not powerful
enough for use in industrial applications. Therefore, Henry regarded it as a scientific toy, useful for
advancing electromagnetic research but not yet ready for practical applications.
Charles Grafton Page was another early investigator who explored electromagnetism. Page also
developed an early proof-of-concept motor, in 1837, about the same time as Henry was conducting
his investigations. Although Page’s first motor was also not powerful enough for industrial
applications at that time, Page continued to refine and develop increasingly powerful motors. Twenty
years later, Page had developed a motor that was powerful enough to drive a locomotive.

Designing & Making Electric Motors
Virtually everything around us that is man-made is manufactured – that is, made with a machine. The
foundation of the building that you are in, the floors, carpets, walls, rafters and roof are all
manufactured. Dishes, cups, plates, glasses and silverware are manufactured. Heating and air
conditioning systems, plumbing, appliances, stoves and washing machines are manufactured. Electric
guitars, amplifiers, and speakers are manufactured. Almost everything manufactured involves an
electric motor at some point in the process.
Electric motors transformed manufacturing. Development of the electrical power grid at the end of
the nineteenth century made electric motors practical for use in factories. By the early twentieth
century the majority of factories made the transition to electric motors. By 1920 the United States led
the world in manufacturing output.
Advances in electric motors are continuing to contribute to manufacturing productivity today. Servo
motors and stepper motors make 3D printers and robotic arms in factories possible.
The goal of the Make to Learn project is to provide an introduction to inventions that transformed the
world. The Make to Learn initiative is anchored by the Make to Learn Laboratory in the Curry School
of Education at the University of Virginia. Other partners in the project include the Smithsonian
Institution, Princeton University, Midlands Technical College, and the Laboratory School for
Advanced Manufacturing in the Charlottesville City Schools.
This guide provides the information needed to design and make working electric motors. All of the
plastic components can be printed with a 3D printer. The files to construct the models described can
be downloaded from the Make to Learn web site (www.MakeToLearn.org). The 3D printer files are
provided in stereolithographic format (with a “.stl” file extension) that can be used by all 3D printers.
We used a 3D printer for development of prototypes. We also provide the files in a format that can be
edited by a computer assisted design (CAD) program, Fusion 360. This CAD program is provided by
Autodesk at no charge for students and educators:
https://www.autodesk.com/products/fusion-360/students-teachers-educators
The Fusion 360 files will allow you to revise, adapt and change components to re-design the basic
files for other uses and applications.

2

Many of the flat components can also be cut out of wood or plastic with a laser cutter if one is
available. The advantage of a laser cutter is that it is faster than a 3D printer and can be used with a
wider range of materials. Its chief disadvantage is that it is more expensive than a 3D printer.
Rare earth (neodymium) magnets are used in many of the Make to Learn motors. These magnets are
stronger than other magnets. The standard rare earth magnet used in Make to Learn projects is a
cylinder that is three-quarters of an inch in length and one-eighth of an inch in diameter. These
magnets were purchased from K-J Magnetics (www.kjmagnetics.com)
The K-J Magnetics web site includes a list of precautions that must be taken in using these magnets.
Two rare earth magnets in proximity to one another can collide with enough force to generate
splinters. If a child swallows these magnets, it can result in an intestinal blockage. Therefore it is
important to follow the safety recommendations provided on their web site.
This guide provides the information needed to reconstruct a working model of the Charles Page
electromagnetic motor patented in 1854. A series of simpler motors described in the sections below
provide the scaffolding needed to successfully build the Charles Page motor. After you have
successfully constructed these models and completed the associated activities, you should have a
good understanding of how an electric motor works.
Three sections precede construction of the Charles Page motor:
1. Magnetic Motors
2. Electromagnetic Motors
3. Electromechanical Switching Mechanisms
Animated simulations of each of the motors described below is provided on the Make to Learn web
site. The physical models offer advantages in comparison with the simulations. The physical models
allow the magnetic forces to be felt. Also, the physical models can be taken apart and redesigned. For
this reason, the simulations and physical models together offer advantages that neither one alone
provides.

Constructing the Magnetic Motor
All motors use magnets. Many motors use electromagnets. However, it is possible to construct a
motor with two permanent magnets. Constructing a simple motor with two permanent magnets
provides background that is useful in understanding electromagnetic motors.
The Make to Learn Magnetic Motor consists of a cylindrical magnet inside a tube. An external
magnetic force can move the magnet inside the tube back and forth. End posts on either side of the
tube prevent the magnet from falling out of the tube.
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Magnetic Motor
A metal rod with protective caps on the ends is placed on either side of the magnet. The assembly
consisting of the magnet and the two metal rods is known as the armature of the motor.

Exploded View of the Armature
Segments of ferrous rod (one-tenth inch in diameter) were used to construct the armature. Because the
metal in the rod contains iron, the force of the magnet causes the rod to adhere to it. A protective cap
is placed on each end of the metal rod.
The assembly that encloses the armature consists of a tube with two support extensions on each end
that support the magnet as it moves into and out of the tube.

Exploded View of Armature Enclosure Assembly
The armature and armature enclosure can be attached to a 3D-printed mount that allows for the motor
to be posed in various positions. One of the solenoid supports is replaced with a matching support that
can be screwed onto the mount. The base of the mount is secured by a small weight.
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Exploded View of the Motor Platform

Linear Motor Mounted to Motor Platform
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Assembly of the magnetic motor is straight forward. An animated video illustrates the order of
assembly:
Constructing a Magnetic Motor
The assembly steps are described below. When assembled, the combined length of the armature
components should be slightly less than the distance between two end posts. This provides room for
the armature to move back and forth during operation of the motor.
Magnetic Motor Assembly Steps
1. Build the Armature
a. Place protective caps on the ends of each ferrous rod.
b. Place each segment on each end of the magnet.
2. Build the Armature Enclosure
a. Screw together the enclosure to secure the solenoid supports and end caps.
3. Build the Motor Platform
a. Replace one of the solenoid supports with the platform mount.
b. Screw each part of the platform together.
c. Add a small weight onto the platform to stabilize it.
This type of motor is known as a linear motor because the armature moves back and forth in a straight
line. (Motors that rotate in a circle are known as rotary motors.)

Moving the Motor: Alternating Magnetic Poles
This era was characterized by electromechanical inventions of all kinds, including development of the
telegraph and telephone networks. The Charles Page Electromagnetic Engine (as he called it) was
patented in 1854. The patent model for this mechanism is housed in the collections of the
Smithsonian’s National Museum of American History. This motor moved an iron rod back and forth
between two sets of electromagnets.

The Charles Page “Electromagnetic Engine”
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Modern motors use permanent magnets in combination with electromagnets to achieve motion. The
south pole of an external permanent magnet exerts a magnetic force that attracts the north pole of the
internal permanent magnet inside the linear motor. This causes the internal magnet inside the linear
motor to move to the left side of the frame of the motor.

The south pole of an external magnet attracts the north pole of the magnet inside the linear motor,
causing the motor’s magnet to move to the left side.
When the same poles of two magnets face one another, the two magnets repel one another. The north
pole of an external magnet exerts a magnetic force that repels the north pole of the magnet in the
linear motor. This causes the magnet in the linear motor to move to the right side of the frame of the
motor.

The north pole of an external magnet repels the north pole of the magnet inside the linear motor,
causing the motor’s magnet to move to the right side.
Rotating the external magnet on its axis so that the pole facing the linear motor alternates (i.e., from
north to south back to north again) will therefore cause the magnet of the linear motor to move back
and forth. (The motor is called a linear motor because it moves back and forth in a straight line.)
Below, a mechanism (on the left side of the illustration) that rotates the poles of an external magnet as
a crank is turned. As the poles of the external magnet facing the motor alternate, the magnet in the
motor moves back and forth as it is attracted and repelled by the changing polarity of the external
magnet.
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Turning the crank to rotate the external magnet moves the magnet inside the motor.
The magnetic motor employs the principle of alternating magnetic poles on which all motors are
based. In electromagnetic motors, the external permanent magnet is replaced with an electromagnet.
A current traveling through a coil of wire creates a magnetic field to form an electromagnet. Each end
of the electromagnet coil has a polarity: one pole is positive, and the other is negative. Reversing the
leads of a battery attached to the coil will cause the poles to reverse. In this manner, an electrical
current can be used to control the movement of the magnet in the motor.
This can be done manually by switching the leads of wires connecting the battery to the coil from
positive to negative and back again.

Reversing the connection to the battery reverses the position of the magnet.
The image below depicts a mechanism to rotate the battery (left) to reverse the current. Each half-turn
of the battery reverses the current in the electromagnet (middle). This causes the magnetic field
generated to reverse, causing the magnet in the motor (right) to move back and forth.
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Turning the crank to rotate a battery (left) causes the current in an electromagnet (middle) to reverse
every half turn. Reversing the current causes the polarity of the magnetic field generated by the
electromagnet (middle) to change, causing the armature of the motor (right) to move back and forth.
The armature of the motor is placed inside the electromagnet’s coil of wire to combine these two
components from Figure 8 into a single device. This moves the electromagnet closer to the permanent
magnet inside the motor. This strengthens the force that moves the motor back and forth.

Reversing the polarity of the battery (left) reverses the polarity of the electromagnet.
In each case a magnetic field causes the armature of the linear motor to move back and forth. In the
first example, a rotating permanent magnet causes the armature to move. In the second example, a
magnetic field generated by an electrical current in the wire of a solenoid causes the armature to
move.

In the top figure, a rotating permanent magnet moves the armature of the motor.
In the bottom figure, an electrical current in the solenoid generates the magnetic field.
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However, in both cases the principle is the same. A changing magnetic field causes the armature of
the motor to move back and forth. In the first instance (top), a rotating permanent magnet causes the
polarity of the magnetic field to change. In the case of the second example (bottom), the changing
electrical current in a solenoid causes the polarity of the resulting magnetic field to change.
An electric generator is the inverse of an electric motor. Michael Faraday in the nineteenth century
discovered that moving a magnet through a coil of wire caused an electrical current to flow through
the coil of wire. There is a symmetrical relationship:
1. Movement of an electrical current through a wire generates a magnetic field.
2. Movement of a magnet through a coil of wire generates an electrical current.
This can be demonstrated by connecting the terminals of two identical mechanisms.

Moving the Magnet on the Left Generates a Current that Moves the Magnet on the Right
If one magnet is moved back and forth inside the coil of wire, it generates an electrical current that
moves through the second coil of wire (via the connecting wires between them), generating an
alternating magnetic field that causes the second magnet to move back and forth inside its coil of
wire.
In modern electric motors, an electronic oscillator changes the polarity of the electrical current. The
early twentieth century oscillators used vacuum tube circuits to change the polarity of the electrical
signal from positive voltage to negative voltage and back again. By mid-century vacuum tubes were
replaced by transistors in circuits. Today, solid state integrated circuits combine many transistors on a
single chip. However, the end result is an alternation between positive and negative voltage similar to
that achieved by rotating a battery in the manner shown above.

The Charles Page Linear Motor
One of the best-known nineteenth century linear motors was patented by Charles Grafton Page in
1854. The linear motor developed by Charles Page placed an iron rod (known as an armature)
between two electromagnets. Page sent power to the left-hand electromagnet to move the armature in
that direction. This was accomplished by rotating a cam (shown in yellow in the diagram below) from
an open to a closed position.
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Figure 12. The cam is initially open (left) but closes the contact as it rotates (right)
completing the circuit to send an electrical current through the left solenoid.
He then sent power to the right-hand electromagnet to move the armature in that direction. As the
cam continued to rotate, it closed a circuit (shown in red in the diagram below) to the right solenoid.

As the cam continues to rotate, it closes a second contact as (left) completing the circuit to send an
electrical current through the right solenoid.
Charles Page used two solenoids on each side of the armature (for a total of four solenoids) to achieve
greater power. The Make to Learn reconstruction uses one solenoid on each side of the armature to
simplify construction, but embodies the same principles as the original Charles Page motor.
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The switching mechanism employed in the reconstruction is designed to be fabricated with the tools
available in a school makerspace.

A Contemporary Reconstruction of the Switching Mechanism
The original Charles Page motor and the contemporary reconstruction employ a flywheel attached to
the armature that turns a cam as the armature moved back and forth. The cam alternately completes
the contact for the left and right-hand circuits as it rotates.

A computer model of the Charles Page Electromagnetic Engine
The Smithsonian used a laser to scan the original patent model of the Charles Page motor that is in the
Electricity & Magnetism collection of the National Museum of American History. The threedimensional scan was used to create a Make to Learn simulation that illustrates operation of the
switching mechanism.
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Figure 16. Make to Learn reconstruction of the Charles Page Electromagnetic Engine

Summary
All electric motors rely upon a switched electrical current. In the case of modern linear motors, the
switched electrical current causes the polarity of a solenoid to change back and forth, causing a
permanent magnet to move back and forth. In the case of the Charles Page motor, the electrical
current is switched between two solenoids, achieving the same result. Operation of an electric motor
is easier to understand in the context of a linear motor, because there is a distinct point at which the
armature reverses direction that can be observed with the naked eye when the motor is moving slowly
enough.
The same principles govern operation of rotary motors as well. The polarity of a solenoid is switched
from positive to negative and back again with rotation of the motor. Because the motor continues its
movement as it rotates in a circle, the point at which the polarity of the solenoid switches is more
difficult to observe. However, the basic underlying principle – use of a switched electrical current to
maintain the movement of the motor – is the same.
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