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The Abyss of Faith
Jonny Halprin
Humans need knowledge to thrive—physically, emotionally, and intellectually. We need knowledge of all forms, such as the knowledge that
the sky is blue, the knowledge that our families love us, and knowledge
of the existence (or lack thereof) of a god. Because of the breadth of the
definition of what we call knowledge, we must draw some key distinctions. There are two fundamental types of knowledge. First, we have
practical knowledge—the knowledge of the everyday world that we
apply readily (both consciously and unconsciously) to our lives. The
theory of gravity and mathematical properties of addition and subtraction exemplify this first type. We derive this kind of knowledge either
inductively or deductively, and its reliability makes our everyday lives
easier. Second, we have purely philosophical knowledge—the knowledge of the intangible and metaphysical realm. The knowledge of the
existence of a soul or a supernatural power fits this category. When
considering how to go about acquiring knowledge, it is essential to
consider and distinguish between the significances of these two types.
Various philosophical traditions offer countless ways of acquiring
knowledge. Hard Skepticism claims that knowledge is unattainable.
Buddhists seek not to desire knowledge in the first place. Pragmatists only bother themselves with trying to attain practical knowledge.
Empiricists (scientists) seek knowledge based on observed evidence.
And supernaturalists claim knowledge based on faith. Nineteenthcentury Danish philosopher Søren Kierkegaard is famous for claiming
that all of these ways of attaining knowledge require some degree of a
“leap of faith.” For example, a scientist cannot know for certain that the
law of gravity will work for the one hundred trillionth time when he
performs his experiment; assuming that it will thus requires some
degree of faith. Kierkegaard used this theory to defend his belief in
the supernatural. He thought that because all belief systems require
some leap of faith, no way of attaining knowledge is superior to any
This paper was written for a Philosophy Independent Study
with Jack Bowen in the fall of 2010.
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other; the leap to faith in God is no different than the leap to faith in
gravity. Despite using the very clever theory of the inevitable leap of
faith as his premise, Kierkegaard erred in his conclusion. He failed to
accurately evaluate a crucial part of the leaping game that is the quest
for knowledge: the size of leap. Although all philosophers, regardless
of their beliefs, must make some leap to attain knowledge, that does
not mean that all of their knowledge-claims are equal; the size of the
leap of faith determines the strength of a belief system. Ergo, because
empiricism requires the smallest leaps of faith to knowledge, it is the
surest way to acquire it.
Empiricism dominates in the quest for knowledge because it has led
to countless examples of the first kind of knowledge—practical knowledge that has objectively led to the betterment of mankind; supernaturalism (and all other belief systems) has led to no such knowledge.
Without the knowledge gained by empiricism, humans (if still in
existence at all) would remain bestial. We would still walk around
barefoot and naked, fully exposed to the pain that our environment
can bring. We would only be able to communicate on the most primitive and inefficient of levels, utterly ignorant of the empirical knowledge of electricity and sound waves. The same would be true of travel.
Ignorant of all knowledge of science, we would lack planes, trains,
boats, and automobiles; we would walk on foot, totally isolated by
geography. The very lifespan of humans might be one quarter of today’s
in the absence of modern medicine and basic scientific knowledge.
The evidence is endless, and, frankly, quite obvious. True, this sort of
knowledge may be considered merely practical, mundane, and useless
in answering life’s “bigger” questions, but it is knowledge that requires
a negligible leap of faith. Practically speaking, this leap is nonexistent.
Even the most impractical philosopher must admit that this mundane
knowledge has a level of objectivity and can be proven and put to use.
In this objective, shrewd frame of mind, what does supernaturalism
have to offer? Nothing. In this way, empiricism is objectively superior
to supernaturalism and all other forms of acquiring knowledge, in
accordance with Kierkegaard’s leap of faith argument, because it offers
at the very least some degree of progress in one of the two fundamental
types of knowledge.
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Philosophy is known, to some extent, as the study of life’s unanswered
questions. Such questions as “How did life on earth start?” and “Is
there a god?” come to mind in this category. Philosophically speaking,
these questions are essential. People can lead intellectually interesting
lives dedicated to finding the answers to such questions. And many
have. The common supernaturalist answer to the question of existence
is that God created everything, which warrants the irrefutable retort,
who created Him? Empiricists haven’t even agreed on an answer. In
essence, after thousands of years thinking about these sorts of questions, nobody has come up with acceptable answers. Whether or not
we are closer to the truth than we were a couple of thousand years
ago remains up for debate, but nobody—not a supernaturalist, not an
empiricist, not a Buddhist—can answer the question of existence with
certainty. Therefore, it is illogical to choose a method of knowledgeseeking based on this category of knowledge. It is impossible for one
bogus answer to be any more valid than another: a bogus answer is a
bogus answer. This is not to say that we should abandon the hope of
finding answers to these pressing questions, but simply to choose a
way to find knowledge based on knowledge that is actually possible
to attain. Thus, empiricism is the best way of acquiring knowledge
when taking into account this second type of knowledge as well; it is
objectively superior to supernaturalism in acquiring practical knowledge, and equally unsatisfactory in acquiring the second type. Why not
take one form of knowledge as opposed to none?
It is important to note how much the category of purely philosophical
knowledge has decreased since the invention and gradually improved
application of science. In other words, many things that used to be
considered explicable only through myths and metaphysics—things
that require massive leaps of faith—can now be explained with science.
For example, thousands of years ago each culture had a different myth
to explain why the sun rose each morning. These cultures invented
such myths because they lacked the science to prove anything else. Of
course, science now easily reconciles such issues. This phenomenon is
common: science repeatedly disproves supernatural explanations, and
the opposite has yet to occur. The conclusion that can be drawn from
this example is that science has changed what we used to call unattain-
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able knowledge into common knowledge. Who is to say science won’t
save the day again and answer the question of existence?
A final argument in favor of empiricism over supernaturalism is that of
the pragmatist: only practical knowledge matters. While I differ from
pragmatists in that I still strive to find the second type of knowledge
(I have yet to give up the hope of finding answers to life’s supposedly
unanswerable questions), I align with them in that I deem practical
knowledge more important. Practical knowledge has a far greater
impact on our daily lives. Practical knowledge allows me to travel
to work in a car or a train, while purely philosophical knowledge merely changes how I think as I sit in those respective vehicles as I ride.
Practical knowledge allows me to communicate with my friends in the
first place, while purely philosophical knowledge just changes what we
talk about. Humans are, in nature, practical beings. Practically speaking, the first type of knowledge is all that matters; the fruits of empiricism perfectly align with the requirements of human nature.
Before concluding, I will address a worthy counterargument. Modern
American philosopher Thomas Nagel opposes empiricism and objectivism as means of acquiring absolute truth. He believes that those
pursuits take humans farther away from the understanding of what he
refers to as “subjective mental states.” The example he uses to support
this claim is that of a bat—a creature whose mental processes are so
different from our own that, he claims, we can never understand what
it is like to “be a bat.” He contends that science, in its effort to find
truth about the bat, strays further away from the truth by trying to
claim objective facts about the bat. To this argument I have two retorts.
First, how can any degree of objective knowledge about anything—including subjective things—take us farther away from understanding
it? How can knowing the mechanism of sonar and the chemical processes of a bat brain not lead to greater understanding of the bat’s state
of being? Anyone who believes in the use of science at all must admit
the value of empirical knowledge of the bat. Granted, we may not ever
fully understand its subjective aspects, but objective knowledge is part
of the truth. Second, even if the first retort were shown to be false, that
would mean that empiricism does as much for man as any other belief
system because no other belief system has anything better. In other

THE MENLO ROUNDTABLE		

5

words (pace Nagel), if this explanation doesn’t take us any closer to
the truth, what do you propose will do so? Perhaps we should write a
poem about the mental state of the bat and attempt to understand it
through ephemeral feelings, highfalutin’ language and pure imagination—certainly that would get us closer to the truth than science. …
Kierkegaard was right to the extent that it takes a leap of faith to reach
any form of knowledge. He was wrong to the extent that some forms
of knowledge require much larger leaps of faith than others. But sometimes the leap of faith is simply too large. Supernaturalists, among
others, are overzealous in their quest for knowledge, and they overestimate their abilities. They try to make huge, glorious leaps to the
most sought-after knowledge, but the conclusion is dire as they all too
often miss their mark. Empiricists stay safe as they gently yet confidently
leap—or perhaps step—from one stepping-stone of knowledge to
another. Supernaturalists attempt the big leaps, and fail to land on terra
firma; they fall off the path of knowledge into an eternally deep, dark
place—the abyss of faith.
Works Cited
Nagel, Thomas. (1974). What is it like to be a bat?
Philosophical Review, LXXXII. Retrieved from
http://organizations.utep.edu/Portals/1475/nagel_bat.pdf
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Development as Dictated by Society:
An Analysis of Disney’s The Fox and the Hound
Through the Lens of Erikson’s
Developmental Theory
Sarah Purkrabek
In this essay, I will endeavor to prove that Erik Erikson’s stages of human
behavioral development are clearly illustrated in children’s movies,
specifically The Fox and the Hound, an animated film put out in 1981
by Walt Disney Productions. Further, I will try to show that children’s
movies provide examples of “correct” responses to the challenges
articulated in Erikson’s developmental theory, thus teaching children
and even adults how to respond to situations in the way society desires.
Erik Erikson (1902-1994) was a leading psychologist in the social
development of humans. He theorized psychosocial development as
taking place in eight stages: hope, will, purpose, competence, fidelity,
love, care, and wisdom. In “Erik Erikson’s Stages of Development,”
Arlene Harder, psychotherapist and editor of the online journal The
Learning Place, claims that Erikson’s basic philosophy was based on
the major themes that “the world gets bigger as we go along and failure
is cumulative” (Harder, 2002). Harder uses psychoanalysis to focus
on relationships and development. Erikson’s theory is not the only
accepted explanation of development that Harder cites in her article.
She also mentions psychotherapist Pamela Levine, who describes
development as a “spiraling cycle” (Harder, 2002), in which we pass
through developmental milestones and never “visit” (Harder, 2002)
them again. This is in stark contrast to Erikson’s theory, which posits
that most stages of development are necessarily revisited throughout life.
“It is human to have a long childhood,” said Erikson. “It is civilized
to have an even longer childhood.” The developmental stages asserted
by Erikson are based on the concept that we as humans innately
This paper was written for a Psychology Independent Study
with Vicky Greenbaum in the fall of 2010.
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think of ourselves in terms of “opposites” (Harder, 2002). A person
can know without having to be taught that they are pessimistic or
optimistic, aggressive or passive, adventurous or cautious; however,
there are some characteristics of human nature that must be learned
“based on the challenges and support we receive in growing up”
(Harder, 2002). These traits include concepts such as the perception of
self-worth, inferiority or competence, will, and purpose. Erikson felt
that the “massive influence of culture” (Harder, 2002) molded these
factors in an individual. The developmental theory he built spans from
birth to death, covering adulthood as a sort of extended childhood.
This theory is supported subconsciously by society in all forms of art.
Children’s movies in particular exemplify certain aspects of Erikson’s
developmental theory, and in doing so provide examples of the kinds
of responses to the challenges of adolescence and adulthood that are
accepted—even desired—by contemporary society. In The Fox and the
Hound, an animated children’s movie about a hound dog (Copper) and
a fox (Tod) that become friends as children but grow up to be hunter
and prey respectively, two animals take on human characteristics in
order to be effective exemplars of “correct” behavior during growth.
The first three stages of development—hope, will, and purpose—are
major themes throughout The Fox and the Hound, suggesting that the
childhood development of trust, autonomy, and initiative (rather than
allowing oneself to be mistrustful or succumb to our vulnerabilities)
is a vital cultural lesson that continues to resurface throughout childand adulthood. Tod and Copper meet at a very young age, when they
are still learning to trust those that “take care of ” them (Walt Disney
Productions, 1981). According to Erikson, developing trust in others
and “confidence in the future” is necessary in order to prevent feelings
of “worthlessness and a mistrust of the world” later in life (Harder,
2002). This idea is highlighted throughout The Fox and the Hound, but
is especially prevalent in Copper and Tod’s first meeting, where they
trust each other without reservations, even after Copper reveals that he
has been “tracking” Tod (Walt Disney Productions, 1981). Big Mama,
the owl that acts as a sort of grandmother to Tod after his mother’s
death, emphasizes the correctness of this first unsuspicious act of
trust by remarking, surprised and amused, “Look at that! A fox and a
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hound, playing together” (Walt Disney Productions, 1981). Through
their budding friendship and unbridled trust in one another, Tod and
Copper begin to build autonomy and “[learn] right from wrong” as
well as how to “take initiative in creating play situations” (Harder,
2002), three of the most important aspects of Erikson’s second and
third stages of development. Tod tells Copper that he “[bets Copper
would] be good at playing Hide and Seek” (Walt Disney Productions,
1981), and proceeds to teach him how to play the game. This “play
situation” (Harder, 2002) shows the subconscious initiative of the two
to play out their predetermined roles of hunter and prey in a tame
“trial universe” (Harder, 2002), and is also the start of their friendship
that eventually leads to Copper beginning to question his identity and
role later on in adolescence. At this point, Copper and Tod are also
beginning to learn what is considered right and wrong in their society,
as Copper gets in trouble with his master for staying in the woods and
playing with a fox, while at the same time Big Mama tells Tod that “if
[he] keeps on hanging around with that hound [he’ll] end up hanging
on the wall” (Walt Disney Production, 1981).
Competence, devotion, and affiliation or love—the next three stages of
Erikson’s developmental theory—surface in the main conflict of The
Fox and the Hound in order to highlight the societal importance of
developing a sense of one’s role in adolescence and early adulthood,
the time of greatest change in a person’s life. The Fox and the Hound
initially suggests that following their predetermined roles is the correct
course of action by fast-forwarding a few years to reveal that Tod and
Copper no longer associate with one another; however, as the movie
continues it becomes clear that it is advocating a more disruptive
conception of right and wrong. Copper is shown asking Chief, a much
older hound, to “scuffle” (Walt Disney Production, 1981), an action
that evokes scenes of him and Tod playing when they were young.
Tod later visits Copper, and the question of the correctness of their
roles comes to the forefront. Tod asks Copper if “[they’re] still friends”
(Walt Disney Productions, 1981), and Copper—though visibly excited
to see his former friend—responds that “those days are over” because
he is “a hunting dog now” (Walt Disney Productions, 1981), revealing
the importance of having a role—whether correct or incorrect—in
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society. Copper’s questioning of his role is shown through his lack of
complete devotion to it and his avoidance of the consequences of being
a “hound dog.” He allows his old friend, Tod, to escape “this one time”
(Walt Disney Productions, 1981) after he discovers him, showing that
he is competent in his role but not quite content with it. Tod’s role as
merely the prey of a hunter is less demanding, and thus his conflict
lies more with finding intimacy and a “satisfying relationship” (Harder,
2002) after he is abandoned by his primary caretaker and left isolated
in the woods. Tod meets a lady fox, and Big Mama tells him to “be
natural” and he’ll get a “whole lot of satisfaction” when he feels “natural
affection” (Walt Disney Productions, 1981).
The resolution of The Fox and the Hound deals with the dilemmas of
production and wisdom that are most prevalent in middle age and later
in life, showing the audience that the correct way to benefit society is
through the creation of a family and recovery from sacrifices, the fruits
of inner strength and integrity, rather than succumbing to despair.
Because Tod has found a meaningful relationship in his life, he will be
able to “perpetuate culture and transmit values of the culture through
the family” (Harder, 2002) instead of despairing forever over the loss of
his friend Copper. At the climax of The Fox and the Hound, Tod must
make the choice between his friend on the one hand and his wife and
future family on the other. He ultimately chooses family, illustrating
to the audience that the correct choice is always family, regardless of
the sacrifices that must be made for its sake. Copper’s role confusion
has been hidden under his great desire for a role, even if he has an
inkling that he does not like the role that has been chosen for him.
The developmental stage of production often leads to struggles with
“fear of inactivity or meaninglessness” (Harder, 2002), and indeed,
at this point Copper must deal with the question of whether he has
produced something of real value in his life and is living it to the
fullest. While Tod chooses his family over Copper in this climactic
scene, he finally comes to Copper’s rescue at the end of the movie by
fighting off a bloodthirsty bear. Copper reciprocates by protecting Tod
from being killed by his master. This demonstrates that the movie’s
initial portrayal of trust and confidence in others holds true and is still
socially necessary.
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The Fox and the Hound is an example of socially correct responses to
the trials of growing up. Developmental changes move from being
dependent on “what is done to us” to “what we do” (Harder, 2002) as
the question of one’s role in society surfaces, and children are expected
to move from openness and trust to devotion and competence in the
role society deals to them. The trials of Tod and Copper in The Fox
and the Hound illustrate that these roles should not be violated—a fox
will remain prey while a hound will remain hunter—but they can be
molded to allow for individual happiness, whether this be accomplished
through the restoration of a friendship, a significant relationship, or
finding the meaning and purpose in life.
Works Cited
Harder, Arlene F. (2002). Erik Erikson’s Stages of Development.
Learning Place Online. Retrieved from
http://www.learningplaceonline.com/stages/organize/Erikson.htm.
Walt Disney Productions (1981). The Fox and the Hound.
Walt Disney Productions. DVD.
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Xenophobia and the Battle for
Hawaiian Statehood
Madeline Berry
The United States annexed Hawaii as a territory in 1898, but Congress
did not pass a statehood bill in Congress until 1959. The territory
petitioned for statehood sixteen times and introduced thirty-three
different statehood bills before it attained its goal—more such bills
than any other state in American history. For more than six decades,
America was not ready to give Hawaiians the same privileges and
responsibilities that citizens living in mainland states enjoyed. Rather
than allowing the Hawaiians to elect their own governors and judges,
the Federal government took responsibility for appointing territorial
officers. While the territory was allowed to elect representatives into
Congress, the votes of those representatives were not counted.
The roots of this long delay of first-class citizenship for the Hawaiians
have been much disputed, but two in particular stand out: distance and
race. In The Shoal of Time, historian Gavan Daws of the University of
Hawaii points to the vast distance separating the Islands from the rest
of the nation. Statehood admission of a noncontiguous territory was
unprecedented in the United States, and for that reason many were
wary of making such a bold move.1 But historians T. Michael Holmes
and John Whitehead explain the long delay in granting statehood
differently. In The Specter of Communism in Hawaii, Holmes identifies
the issue of race as the “real power behind the move to block Hawaiian
statehood.”2 Whitehead takes the same stance in Completing the Union,
arguing that Hawaii’s predominantly Asian population was the principal
cause for anti-statehood sentiment in America.3
The ethnically diverse population of the Hawaiian Islands was not
unlike America, the “melting pot” of the world, but was dissimilar in

This paper was written for Dr. Charles Hanson’s Advanced Placement
U.S. History class in the spring of 2010.
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that its ethnically diverse population was not dominated by a white
majority. In 1900, Caucasians made up 87.9 percent of the population
of the continental United States, but only 17.3 percent of the Hawaiian
Islands.4 Whites accustomed to being in the majority at home found
themselves in the minority to Asians and Hawaiians in the new territory.
Daws’s argument of distance sugarcoats the de facto motivations behind
American resistance to Hawaiian statehood. Xenophobia was what
drove the anti-statehood movement.
Americans were afraid of one race in particular: the Japanese.
Their presence meant competition for white laborers and their vast
differences from the Americans made them easy targets for suspicion, especially when it came to their loyalties before and during the
Second World War. Various presidential administrations made
attempts to shift the demographic balance away from the Japanese by
limiting their voting and immigration rights. But as America emerged
from the war and entered the global crisis of the Cold War as the leader
of the “free world,” its image as a role model was in jeopardy. The words
“racism” and “imperialism” had become contradictory to American
ideology, and these same terms were apparent in the nature of Hawaii
as a territory rather than a state. The timing of the decision to grant
statehood in 1959, following the peak of these Cold War tensions,
further reveals that race-based misgivings had motivated the antistatehood movement all along.
Ocean Roadblock
Hawaii, an archipelago floating in the middle of the vast Pacific, was
unlike any existing states: it was separated from the rest of the nation
by thousands of miles. Hawaii was 2,400 air miles away from San Francisco
and almost 5,000 miles away from Washington D.C., making travel
to and from the mainland inconvenient at best. Not only did many
Americans see the idea of extending statehood overseas as unrealistic,
some argued that the lack of precedent made it un-American. Gavan
Daws cites Kenneth M. Regan, a Democratic Representative from Texas,
arguing that taking on Hawaii as a state was not the sort of act that
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George Washington had intended for the United States.5 Americans
were used to states being added on naturally as the frontier pushed
westward. California’s 1850 statehood may have preceded many
admissions of states in the Midwest; however, California was still a
territory on the mainland, contiguous to other American territories.
Now that the frontier was stretched over miles of the Pacific Ocean,
statehood did not seem to come naturally.
Some politicians tied the cultural discrepancies between Hawaii and
the mainland to the distance between them rather than to racial
differences. Just a year before Hawaii was granted statehood, Republican Senator George Malone of Nevada took the opportunity to explain
his history of voting against statehood in the Congressional record. He
claimed that his objection to Hawaiian statehood was based on the fact
that the territory was far away from the rest of the American people,
and that Hawaiians “have no direct knowledge of life and conditions
in the United States, and because of this their ways of life are different
from ours.”6 The worry that the Hawaiians could not be assimilated
to the nation at large because of the distances involved helped to
intensify a more memorable setback in Hawaiian statehood—the issue
of communism.
As the Cold War began and the paranoia over subversive behavior
peaked with the House Un-American Activities Committee and Senator
Joseph McCarthy’s witch hunt, the distance that separated the Hawaiians
from the rest of America made for mystery and suspicion as to what
might be going on in Hawaii without the rest of the country knowing.
Hawaii’s location in the middle of the Pacific was dangerously close to
rival nations in the East who Americans feared could spread communist
influence into America via Hawaiian representatives and voters if the
territory were granted statehood. In 1949, Republican Senator Hugh
Butler of Nebraska, a notorious opponent of statehood for Hawaii,
was quoted in the Dallas Morning News warning Congress that “…the
Communists are softening up Hawaii in an effort to capture it as a base
for operations against the American form of government.”7 Politicians
like Butler argued that Hawaii was simply too far away to be trusted.
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But if the people living in Hawaii were naturalized, predominantly
white “Americans,” would considerations of distance from the U.S. and
proximity to mainland Asia have derailed statehood? Would Americans
have been as wary of people of their own race and background?
Efforts to Alter the Ethnic Composition
If the ethnic makeup of Hawaii had not been a significant problem to
Americans, attempts to change that composition would not have been
necessary. However, there were numerous efforts by various presidential
administrations to restrict the immigration of Asians into Hawaii. This
includes the enforcement of the Chinese Exclusion Act of 1882, the
Gentlemen’s Agreement of 1907 and numerous Immigration Acts,
especially the Johnson-Reed Act of 1924. The ethnic makeup of Hawaii
was unappealing to Americans because its population was dominated
not by a white majority, but instead by what was only an obscure minority
on the mainland—Asians.
Asians were cheaper and more efficient laborers than whites, and their
presence made it next to impossible for white workers to get jobs on
the Islands. Many people viewed Asian culture as the polar opposite
of American culture, deeply unfamiliar and impossible to assimilate.
According to the 1900 census, the racial breakdown of Hawaii was as
follows: 16.7 percent Chinese, 17.3 percent Caucasian, 25.7 percent
Hawaiian and 39.7 percent Japanese.8 White men were scarce, present
only for military service or for the business of lucrative sugar corporations, where they exploited cheap Asian labor. In the next few decades,
the American government took repeated steps to expand the white
population and reduce the Asian one.
In 1882 Congress passed the Chinese Exclusion Act, barring Chinese
laborers from immigrating to America and hindering those already
in the country from being naturalized.9 This act pushed Chinese
immigration away from the American mainland towards the independent Kingdom of Hawaii, and the population of Chinese-Hawaiians consequently boomed. But when Hawaii became a U.S. territory,
the Chinese Exclusion Act was renewed in 1902 to apply to Hawaii,
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halting Chinese immigration to the Islands.10 The Chinese living there
already were not able to be naturalized or vote in Hawaiian territorial
elections. As a result, the Chinese population on the Islands became
politically insignificant.
Theodore Roosevelt’s Gentlemen’s Agreement of 1907 with Japan reflects America’s aversion to Japanese immigrants and suggests that
Americans sharing his perspective would not have been enthusiastic
about the admission of Hawaii’s overwhelmingly Japanese population
to statehood. Americans faced unwanted competition for jobs and
undercutting of wages by Japanese immigrants both on the mainland
and especially in Hawaii. Roosevelt negotiated with the Japanese government and came to the agreement that Japanese laborers would be
barred from immigrating to both continental America and the Hawaiian Islands. Only immigrants who were former residents or immediate family members to American citizens were excluded from the
agreement.11 This legislation was a clear, and successful, effort to cut
Japanese immigration into the Hawaiian Islands and open up jobs for
white Americans who wished to move to the Islands.
Racial ideals for Hawaii were made plain in Roosevelt’s memorandum
of 1909 in which he warned a close senatorial ally, Philander Knox of
Pennsylvania, of the “threat of Japan.” He referred to Hawaii as an island of “coolie-tilled plantations” and wrote that he believed America’s
aim should be to replace the Japanese workers with workers of European heritage “in order that the islands may be filled with a white
population of our general civilization and culture.”12 This distrust and
distaste for Japanese “coolies” illustrates the fear that lay behind Roosevelt’s anti-statehood stance and that of many other politicians at the
time. His preference for workers of European heritage, rather than any
naturalized Americans, reveals that the President saw the most value
in “whiteness” and therefore saw little value in Hawaii’s population.
The Immigration Act of 1924, also known as the Johnson-Reed Act,
closed off Japanese immigration to the United States almost entirely.
The act changed the regulation of immigration to a quota system in
which each foreign country was allowed only a specific number of
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people, equivalent to two percent of the existing population in the
U.S., into the country each year. The act reflected not only the drive of
American government to limit further immigration of Japanese, but
also all “undesirables” such as other Asians and Eastern Europeans.
By favoring certain races over others, this act illustrates the unselfconsciously racist ideas of the time, making it reasonable to conclude that
racial considerations carried weight in the case of Hawaii statehood.
By 1945, 6.0 percent of the Hawaiian population was Chinese, 14.4
percent was Hawaiian and part Hawaiian, 32.5 percent was Japanese
and 34.4 percent was Caucasian.13 The Chinese, Japanese and Hawaiian populations all fell relative to the growth of the Caucasian population, which nearly doubled. A plurality of the population was not
Asian or Hawaiian, but white. In March of 1946, Americans favored
statehood for Hawaii 3 to 1.14 It wasn’t until after these demographic
changes had been made that Hawaii was finally admitted to the Union.
America’s Global Image and Civil Rights
The timing of Hawaii’s admission as a state in August of 1959 exposes
the dominant cause for delay beforehand. Following the Second World
War, America wore the title of the leading “free nation” of the world.
Coming out of a passionate war and entering the Cold War against
communism, America had to maintain its self-appointed role as a nation that believed in equality of all and in personal freedoms. To avoid
appearing hypocritical, the nation was forced to make changes; overseas colonies and racial discrimination at home no longer fit the ideals
the nation claimed to espouse.15
Southern Democrats were able to filibuster statehood hearings and
put off the measures from passing for years. Most were against Hawaii statehood for two reasons: their traditional idea of America as a
country for white men, and the fact that the addition of two Hawaiian
votes in the Senate would eliminate the slim anti-Civil Rights majority in Congress.16 Southern Democrats saw the admission of Hawaii
as an approval of racial integration. Historian Benjamin Shearer attributes the resistance from those senators to “the belief that the ad-
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mission of Hawaii would sharpen the growing criticisms of the racial
practices in their home states.”17 If the territory were allowed into the
Union, the traditional white-supremacist beliefs in the South would
start to appear outdated, and those Southern Democrats might lose
power.18 The hostility of these politicians to statehood points clearly to
racist motivation.
In 1947 President Harry Truman preached to Congress about America’s duty to defend the “peaceful development of nations, free from
coercion” and to defend “individual liberty.”19 Nowhere in his famous
Truman Doctrine speech did the President comment on injustices
within America. The focus was on the emerging conflict with the communists and on praising American ideals. But America was more than
its ideals. The reality of America was the deeply segregated South and
its overseas territories where citizens were not being allotted their full
set of rights. Possibly in response to this glaring contradiction, Truman
sent a Civil Rights Message to Congress in 1948:
The position of the United States in the world today makes it especially
urgent that we adopt these measures to secure for all our people their
essential rights. … If we wish to fulfill the promise that is ours, we must
correct the remaining imperfections in our practice of democracy.20
Here Truman explicitly states that the changes he seeks are called for
because they are necessary to preserve American prestige in the tenuous time of the Cold War. In this message he requested the consideration of many civil rights causes such as equalizing the ability of each
American to become naturalized, ensuring more freedom at the polls,
admitting both Hawaii and Alaska into the Union as states as well as
increasing self-government in other U.S. island possessions.21 Here
Hawaiian statehood is being promoted right alongside Civil Rights
measures—all in the name of overcoming racism and prejudice. This
is not a coincidence: Truman includes statehood to underline the
unequal status of people under territorial government, thus suggesting
that racial motivations had driven anti-statehood sentiments.
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Conclusion
Amongst some of the last states to be admitted into the union are
Oklahoma in 1907, New Mexico and Arizona in 1912, and Alaska in
1959. The one thing that they all had in common as territories was
their white minority. When first acquired by the U.S. at the turn of the
twentieth century, Hawaii was “infested” with foreigners. But after a
few decades of immigration restrictions and an influx of white people,
the previously alarming diversity of the population became manageable and resistance to statehood dwindled. Hawaiians were secondclass Americans, yet that didn’t seem to matter on the mainland until
the nation was put under a spotlight following the Second World War.
In light of the new ideological competition with the Soviets, America’s
imperialistic treatment of the Islanders became impossible to ignore.
It was time for Americans to practice what they preached, and racism
was no longer to be given a free pass. Hawaii was swept up in the Civil
Rights movement and America slowly began to be the nation that it
claimed to be. When statehood was granted in 1959, the population
was no longer so menacingly foreign, and American resistance was
not so strong.
This story of Hawaiian statehood does not paint an attractive picture
of America. However, it appears unattractive only because I am a student with a modern-day perspective. I have grown up in a world where
Civil Rights for all Americans has always been promoted as a good
thing, not an illogical or even dangerous notion. Because of the shift
that America went through following the Second World War, my perspective on my nation and its place in the world is drastically different
from those of the people I have studied in my research. As a white,
middle-class young woman in the forties, I might have seen the Civil
Rights movement as completely absurd. Today, racial inequality strikes
me as immoral. My argument in this paper may be hard for many
Americans to believe. We don’t want to think our country was ever so
highly racially motivated—so “un-American” by today’s definition.
But just because our ideals have changed, that does not make earlier
Americans wrong—just different.
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Seeming Disaster, Glorious Success:
John Brown’s Raid on Harpers Ferry
Lowry Yankwich
On November 30th, 1859, three days before he was scheduled to hang
at the gallows, after being captured at Harpers Ferry, after losing all
but five of his men and all hopes of sparking a slave insurrection in the
South, John Brown wrote to his family, “I have now no doubt but that
our seeming disaster: will ultimately result in the most glorious success.”1
What could he possibly have meant by this statement? How could Brown
succeed if his days on earth were numbered? Before investigating this
question, it is necessary to define success. Success can be thought of
in degrees; certain goals might be accomplished and others not. There
is proximate success—success that happens as a direct result of one’s
actions and in a timely manner. There is also ultimate success, which
can come over time and be brought about because of the initial action,
though not be directly correlated in time.
On the one hand, Brown and his raid failed, because proximately
Brown’s intentions going into the raid were not satisfied. Historian
Hill Peebles Wilson argues that the fact that no slave insurrections
occurred as a result of the raid is proof of Brown’s failure to lead slaves
to rise up against their masters.2 On the other hand, Stephen Oates
believes that Brown ultimately succeeded because his raid helped
spark the Civil War. Though the war was tragic from beginning to end,
Oates argues that it was the exact thing that Brown wanted his raid to
incite.3 Thus, rather than focusing on Brown’s specific goal of capturing
Harpers Ferry and using that to assess his success, it is more important
to realize that Brown’s overarching objective was to end slavery, by
whatever means.

This paper was written for Dr. Charles Hanson’s Advanced Placement
U.S. History class in the spring of 2010.
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I agree with Oates and believe that, while Brown’s raid was a proximate
failure, it ultimately promoted resolution of the slavery question. First,
Brown served to kindle the Civil War, which precipitated the end of
slavery in law. Second, while in jail, Brown transformed himself into a
martyr, and with the help of others, his goals became those of a large
portion of the North before and during the Civil War.
Failure of the Raid
As to the actual raid on Harpers Ferry, John Brown found very
little success. Brown wanted to establish a free, biracial state in the
Appalachian mountain chain. He believed that slaves would flee
to this new state, and that other southern states would be forced to
emancipate their slaves.4 Brown thought that all of this could happen,
yet when he raided Harpers Ferry, none of it did. Of the twenty-two
men involved in the raid, only six, including Brown, survived. No slave
uprisings resulted in response to the raid.5 Further, Brown sustained
sword wounds, was captured, jailed, and eventually hanged. If all
Brown wanted was to incite a slave rebellion in the South by taking
Harpers Ferry, then he failed, because this goal wasn’t met.
Also, directly after the raid, treatment of slaves got worse across the
South, because southerners feared that their slaves would revolt. In
South Carolina, a state known for its deeply southern values, vigilance
committees and extralegal groups were formed in every district of
the state. These organizations were created to enforce strict control of
blacks within the community.6 John Brown unintentionally worsened
the lives of the slaves he had wished to free. Further, since scared
white communities in the South congregated to protect themselves
from what they thought would be imminent slave insurrection, the
possibility of slaves actually getting free became less likely.
Brown’s raid also was a proximate failure because Brown lost political
support from Republicans as a result. Historian Benjamin Quarles
argues that Brown may have intended his raid to be a symbolic political
gesture, as Harpers Ferry is located a mere 60 miles from Washington
D.C.7 It seems plausible that he intended to appeal to the Republican
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Party for action, because at the time it was known for its opposition to
the expansion of slavery. Even so, very few Republicans dared associate
with him. In a famous speech given at Cooper Union on February 27,
1860, Abraham Lincoln, campaigning for the Republican nomination,
objected, “John Brown!! John Brown was no Republican; and you have
failed to implicate a single Republican in his Harpers Ferry enterprise.”8
Lincoln not only won the Republican nomination, but later that year
won the presidential election. He made a point of distancing himself
and the Republican Party from Brown, indicating that he felt it was
important to his campaign and his fight against the Democrats to
denounce Brown. As a result of the raid, Brown lost political leverage,
as the Republican Party was forced to back off its opposition to slavery,
and thus was diverted from the cause of abolition.
If anything, Brown made the South stronger in its pro-slavery
convictions, and did little to win over the North. In an article in the
Richmond Enquirer, the author wrote of the raid, “[I]t has revived with
tenfold strength the desires of a Southern Confederacy,” and yet “there
is not a handful of men in the North so base as to approve of the John
Brown conspiracy.”9 This shows that Brown’s raid sparked fear in many
southerners, not just the population of slaveholders, and so unified
the South behind slavery. On the other hand, northerners could only
agree or disagree with Brown’s cause, which divided them. Even the
Liberator, a northern abolitionist newspaper, distanced itself from
John Brown, calling the raid “an absurd yet traitorous insurrection,”
and Brown himself “murderous” and an “outlaw.”10 If even the most
fervent anti-slavery advocates—abolitionists—denounced Brown,
how could he unify much of the North around his cause? The Liberator
article concludes, “Would you contrast the difference between order
and tumult? Compare the peaceful pavements of Boston to-day with
the blood-stained field of Harper’s Ferry.”11 These statements suggest
political motivations for the article. Perhaps the abolitionists were
trying to distance themselves from Brown in order to maintain their
credibility. If abolitionists were associated with Brown, they could not
criticize the horrors of slavery without their opposition bringing up
Brown’s violence. Brown threatened the reputation of the abolitionists,
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and also of the Republican Party, which initially led both groups to
disassociate themselves from Brown altogether.
Settlement Must Come
Popular knowledge remembers John Brown as the man who sparked
the Civil War. If this is so, and in so far as the Civil War ended slavery,
Brown can be seen to have succeeded in the long run. His actions led
to a quicker resolution, however bloody, of the slavery question.
But did Brown really want to start a civil war? While it is unlikely
that any man would want mass conflict, it appears that as early as
1856, Brown thought it might be necessary. Martin White, who later
became a foe of Brown, wrote that Brown “would rather see this union
dissolved and the country drenched with blood than to pay taxes to the
amount of one-hundredth part of a mill.”12 Considering that taxes were
required of nearly every adult in the United States, this quote suggests
that Brown wouldn’t feel loyal to a nation that didn’t observe his strong
opinions on slavery. Rather than compromise, Brown would fight it
out until resolution in his favor was reached.
Benjamin Sanborn, a close friend of Brown, also described Brown’s
intentions for the raid as being to resolve the slavery question quickly,
by whatever means. According to Sanborn, “Brown had set his heart
on it as the shortest way to restore our slave-cursed nation to the
principles of the Declaration of Independence; and he was ready to die
in its execution—as he did.”13 Sanborn was one of Brown’s benefactors
for the raid, a northern aristocrat, and thus his description is fairly
credible. He corresponded with Brown about the raid, and would
have had to be convinced of a concrete purpose in order to offer his
monetary support. Thus, Sanborn suggests that Brown felt the integrity
of the republic was in jeopardy, and that it was necessary to alleviate its
problem—slavery—in the most efficient way.
At first, Brown thought civil war could be one means to end slavery;
after the raid, he thought it was the only option. On December 2, 1859,
in his final letter, Brown wrote, “I John Brown am now quite certain
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that the crimes of this guilty land: will never be purged away; but
with Blood. I had as I now think; vainly flattered myself that without
very much bloodshed; it might be done.”14 This letter suggests that
originally, Brown intended his raid to prompt quick resolution of the
slavery question, without mass bloodshed, yet sometime after the raid
he realized that widespread conflict was necessary. Thus, John Brown
came to see civil war as the only way left to end slavery.
Polarization of the North and South
Brown succeeded because he helped heighten tensions between the
North and the South, leading to the Civil War. In the South, nearly
everyone had the same reaction: fear. This anxiety found expression in
an article titled “The Harpers Ferry Conspiracy” published only a week
after Brown’s raid. “Disguise it as we may, large portions of the North
are our enemies…Unless a change—a speedy and effectual change—
sweep over northern society, the great conflict must come.”15 This
excerpt shows how southerners were increasingly inclined to think of
the North and South as separate entities. Rather than acknowledging
the many views held by northerners—anti-slavery, free soil, proslavery, ambivalent, or uninterested—southerners felt that the North
was conspiring against them, planning to invade. Further, the article
shows the South’s stubbornness. The author doesn’t recognize that any
change need come from within the South to lessen tension between
the two parts of the country; instead, he entirely blames the North
for the nation’s problems. By blaming the North, the South effectively
shucked any responsibility to maintain the Union, leaving the integrity
of the nation dependent entirely upon the North’s ability to change.
There were other indications that the South took Brown’s raid to
be a serious threat to their way of life. For example, Governor Wise
of Virginia ordered 1500 soldiers to maintain order at Brown’s
execution.16 This could suggest at least two things. First, Governor
Wise may have believed that angry Virginians would cause havoc at
Brown’s execution. Another view is that Wise was wary of northerners
coming to Brown’s aid, which supports the idea that the South became
paranoid of invasion by the North. Both interpretations suggest that
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Brown’s raid sparked fear in southerners, which caused them to act
with hostility towards anything associated with Brown and to view the
North as a good target.
Though at first most northerners discounted Brown’s actions as
crazy, ultimately Brown gained widespread support in the North. For
northerners, all the attention to Brown’s raid uncovered atrocities of
slavery that had previously been ignored. James Redpath, a passionate
Bostonian supporter of Brown, wrote in 1860, “With his sword and
his voice John Brown had demonstrated the unutterable villainy of
slavery.”17 Redpath’s statement not only represents sympathy for Brown
and his cause, but also suggests that the raid made the need for action
against slavery more pressing in northerners’ eyes.
Brown polarized the North and South, leading them to civil war.
Because the North became sympathetic to Brown in the aftermath of
the raid, and realized the horrible reality of slavery, while the South
became hostile to both Brown and the North, the two parts of the
nation grew further apart, and each came to think of the other as
distinct, if not completely foreign.
His Soul’s Marching On
Between his capture and his death, John Brown did more for his cause
than ever before; in less than two months, he made himself a martyr. In
doing so, he lessened the importance of the raid itself and heightened
the importance of his overarching goal: the abolition of slavery.
Brown made conscious efforts to become a martyr. Before the raid,
he had already written a “Vindication of the Invasion.” According to
Brown, the raid was, “in accordance with my settled policy…intended
as a discriminating blow at Slavery…calculated to lessen the value of
Slaves…[and] was (over and above all others) Right.”18 Brown doesn’t
even mention a plan to lead a massive slave insurrection, and his use
of the word “vindication” implies that Brown thought, even before the
raid, that his intentions would be challenged. Thus, this note shows
that prior to the raid Brown was already thinking of how the public
would receive it, and how he could justify it to them.
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Further, the fact that Brown chose Harpers Ferry as his target might
also suggest that he aimed to make a symbolic, political gesture that
would reach a large audience. Though proximately, Brown’s raid lost
him political leverage, the fact that he attacked so near to the nation’s
capital was bound to garner attention and make Brown a more
public figure.19
In fact, before the raid, Brown already saw that becoming a martyr
might be a more effective way to promote the abolition of slavery. At
one point, Brown told his twenty-two men, “If we lose our lives it will
perhaps do more for the cause than our lives would be worth in any
other way.”20 Since Brown was saying this before the raid, it shows
that from the start he recognized that the raid could fail and that he
could still be successful, so long as he used his death to make himself a
symbol of anti-slavery passion.
Once the raid failed, Brown began to make himself a martyr. When
family members tried to defend him against the charge of treason by
claiming that he was insane, he quickly denounced the notion.21 In
doing so he kept focus on his higher moral purpose and drew attention
away from the actual logic behind raiding a Southern arsenal, which
could easily be deemed ludicrous.
While in prison, Brown wrote scores of letters to people he knew and
to strangers as well. In one of his letters Brown scrawled, “I can recover
all the lost capital occasioned by that disaster by only hanging a few
moments by the neck; and I feel quite determined to make the utmost
possible out of a defeat.”22 Once the raid failed, Brown turned to his
alternate plan. The way for him to maximize the effect of his actions
from prison was to feverishly write letters expressing his ultimate
intentions to as many people as possible. Historian Jonathan Earle
suggests that Brown’s letters were written for a public audience.23 This
is further supported by an excerpt from one of Brown’s letters to his
family in which he wrote, “Please let all our friends read my letters
when you can; & ask them to accept of it as in part for them.”24 Brown
clearly showed an intention to affect a larger audience, so that when
he was hanged, people would see it as a sacrifice of life to end slavery.
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If the public recognized the weight of his action, they might take his
cause more seriously.
Brown’s efforts to guide the public’s perception of him worked; the
northern public reacted to Brown with sympathy and interest. To start,
the Liberator, which had originally denounced Brown, began to warm
up to him as he neared his death. On the day of Brown’s execution, the
newspaper published an article that read, “The execution of Brown and
his comrades…will cause millions of hearts to vow eternal vengeance
to slavery.”25 It appears that Brown’s time in jail radically changed his
image, at least for the Liberator; eventually, the newspaper was not only
sympathetic with his cause, but also recognized that others were also.
Furthermore, the article shows signs that Brown was being used as a
symbol even before he died. It was a threat to southerners, warning
them that if they weren’t careful, most of the North would become
deeply opposed to slavery.
The transcendentalist Henry David Thoreau also helped to mold
Brown into an abolitionist symbol. In a famous speech given before
Brown hanged, Thoreau said to his northern townsmen, “I am here to
plead his cause with you. I plead not for his life but for his character—
his immortal life; and so it becomes your cause wholly and is not his in
the least…He is not Old Brown any longer; he is an angel of light.”26 In
his speech, Thoreau pleaded not for Brown’s acquittal, but rather for his
adoption as a martyr. Thus, Thoreau’s statement shows how northerners
made conscious efforts to help Brown create a meaningful impression
on the northern public. Further, because Thoreau likened Brown to an
angel while he still lived, it suggests that Brown’s martyrdom enabled
people to use him to inspire others to the cause. In this way, Brown’s
martyrdom served a double purpose; directly, it made his death more
significant, and indirectly, it allowed others to use his death as a way to
promote abolition of slavery.
Osborne P. Anderson, a survivor of the raid, also helped solidify
Brown as a symbol for anti-slavery. In his narrative, A Voice from
Harpers Ferry, published in 1861, Anderson wrote, “[Brown] saw in
the most degraded slave a man and a brother, whose appeal for his
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God-ordained rights no one should disregard.”27Anderson goes on
in this passage to liken Brown to Abraham and Moses, implying that
Brown was driven by divine purpose. Anderson’s portrayal of Brown
as a religious leader bolstered Brown’s image as a martyr by suggesting
that like other religious figures, he would live on and have influence
beyond his death.
Whether through his own efforts, or through those of others, Brown
became a widely recognized martyr figure in the North. December 2nd,
the day of his hanging, was proclaimed “Martyr Day” by many blacks,
and church bells rang across the North.28 Further, Brown became
the subject of much artwork, including a sketch depicting Brown as
a saintly father of the movement for abolition (see appendix). Both
examples suggest two things: first, that at least some northerners were
sympathetic to Brown’s cause. And second, that through artwork or
loud ceremonies, awareness of Brown as a positive symbol became
more widespread in northern society.
During the Civil War, Brown was adopted as an even stronger symbol
of northern goals, signifying his success in aligning the North with
his values. As Union soldiers marched to battle, they sang the “John
Brown Song”:
John Brown’s body lies a mouldering in the grave…
His soul’s marching on…
Glory, Hally, Halellujah!...
He’s gone to be a soldier in the army of the lord…
Glory, Hally, Hallelujah!29
The lyrics of this song suggest that by the time of the Civil War, nearly
everyone knew what John Brown was fighting for; so many soldiers
were enrolled in the army, and this was such a common song, that
thousands of people would have been familiar with the tune.
Further, though Republicans denounced him at first, ultimately they
realized Brown’s goals. As David Reynolds points out, Lincoln won
the election of 1864 because of the Emancipation Proclamation, black
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enlistment, and Sherman’s victories in the fall of 1864.30 All three of
these prongs have traces of John Brown in them. First, the Emancipation
Proclamation officially aligned the North with the cause of freeing the
slaves, one of Brown’s deepest goals. Second, black enlistment, which
helped boost the Union’s numbers, realized Brown’s desire to raise
slaves out of bondage to fight their masters. Finally, Sherman’s military
victories confirmed that violence was necessary to eliminate slavery
from the country.
Conclusion
Though at first glance Brown’s raid failed, lost him support in the
North, and gained him enemies in the South, ultimately his invasion
was vindicated. Most of the northern public came to view him as a
martyr for anti-slavery. The Union adopted his goals. The Republicans,
wary at first of his radicalism, warmed to his ideas. He sparked the war
that ended slavery in law in his country. He got his “glorious success.”
Of course, the degree to which Brown succeeded can be questioned.
While the Civil War led to the abolition of slavery, it did not end
discrimination against African Americans. Voting restrictions, Black
Codes, Jim Crow laws, and Ku Klux Klan members ensured that blacks
were not treated as equal citizens well into the twentieth century.
John Brown has been called the most interesting private figure in
U. S. history, but why? Perhaps it is because he represents so many
contradictions. He was a white man fighting for black men. He was
terribly violent and yet wanted harmony between the races. He was a
heretic to some and a saint to others.
Brown’s story remains relevant to our world today. In 2001, two
commercial airplanes crashed into one of the most iconic American
landmarks: the World Trade Center. Since then, and after it was
discovered that a fundamentalist Islamic group known as Al Qaeda
was behind the attack, many Americans have both feared and even
shown outright hostility toward the Muslim world. In the same way
that fear made southerners separate themselves from the North,
today fear makes Americans act similarly toward Muslims. Brown
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gives perspective on these acts of terrorism: the American viewpoint
represents only one side of the conflict. We should learn from John
Brown that terrorists to some are holy warriors to others.
Appendix

Source: sketch, “John Brown—Martyr,” 2 December 1859.
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Speaker System
Ben Adler
1 Abstract
This paper describes the design and construction of an active filter
circuit and speaker enclosure to form a speaker system. The speaker
system was comprised of three speakers for three components: an Audiotech (AT301) tweeter for the high-frequency component, a Visonik
V525CS midrange speaker for the midrange-frequency component,
and a Kicker 07CVR12 subwoofer for the low-frequency component.
A fourth-order Linkwitz-Riley filter was constructed for the speaker
system. The filter had three outputs—a high-frequency output, a midrange-frequency output, and a low-frequency output—each wired to
its corresponding speaker component. The high-frequency output for
the filter was comprised of a high-pass active filter with a 3 dB point of
3100 Hz. The midrange-frequency output for the filter was comprised
of a high-pass active filter with a 3 dB point at 310 Hz and a low-pass
active filter with a 3 dB point at 3100 Hz. Each speaker component also
had its own individual volume within the enclosure and walls lined
with 1 inch-thick Polyfill. The high-frequency speaker component had
a volume of .039 cubic feet, the midrange-frequency speaker component
a volume of .149 cubic feet, and the low-frequency speaker component
a volume of 2.029 cubic feet.
2 The Big Idea
The big idea for this project was to construct a speaker system. Speaker
systems are comprised of multiple components including a filtration
system, speaker boxes, and speaker cones. I began with speaker shells
(speaker still in cone, unwired, not in a box) of different sizes (for higher, midrange, and low frequencies). Then I created a filtration system,
This paper was written for Dr. James Dann’s Applied Science
Research class in the spring of 2010.

42		

Ben Adler

that is, a circuit that splits up an electric signal output (music from
an iPod, for example) into different speakers based on their ranges of
frequencies. The system was designed so that one could play an iPod
or any signal-emitting device through the system and obtain highquality sound. Due to the filtration system, the larger woofer speakers primarily play low frequencies while the smaller tweeter speakers
primarily play high frequencies. The speaker boxes are designed such
that the sound emitted by each speaker box resonates appropriately and
sounds clean to a listener’s ears. Construction of the system required an
understanding of sound and how it works, as well as the application of
principles of circuitry.
3 Introduction
I undertook this project because I was interested in sound engineering and sound design, and had been since seventh grade, when I took
apart my first set of headphones. I’ve always loved music. There are
many other people who enjoy listening to music for entertainment and
would enjoy listening to high-quality sound. Speaker systems are used
not only in cars but also in home theaters, clubs, and concert halls.
There are a wide variety of places where speaker systems are utilized,
so building a speaker system is very useful for a lot of people.
However, there is also significant benefit to creating one’s own speaker
system instead of buying a new, factory-made system because it is on
the whole much cheaper to create your own system. [1] Creating your
own system would provide more bang for the buck. The speaker system
created for this project can be transferred into a car as well as used in
the home.
4 Theory
In general, there are four components to any speaker system of quality:
the speaker box, the speaker cone itself, an amplifier, and a filtration
system (otherwise known as a crossover).
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4.1 Filter
The filtration system primarily serves one purpose: to pass or not pass
a signal based on the signal’s frequency. Depending on how the circuit
is designed, it can pass either higher (high-pass filter) or lower (lowpass filter) frequencies based on a cutoff number determined by the
arrangement and values of the capacitors, resistors, and/or inductors
in the circuit.
Depending on the values of these elements (to be explained later in
this section) a cutoff frequency is determined, where a cutoff frequency
is the frequency at which the signal is not passed completely or “cut
off.” Designing a filter with a specified cutoff frequency is a difficult
process involving not only topology but also component values. If a
high-pass filter and a low-pass filter have different cutoff frequencies
and are wired correctly, a band-pass filter can be created, passing a
range of frequencies in between the two cutoff frequencies. However,
a given filter doesn’t block out all frequencies higher than the cutoff frequency. It actually passes them, but at an intensity that decays
exponentially once the cutoff frequency is exceeded. The rate at which
the maximum intensity drops as the frequency moves farther past the
cutoff frequency is called “fall off.” Depending on the “order,” or how
many different circuit elements are used in a filter, the fall off is steeper
for higher orders. These relationships can all be shown through a graph
called a Response Curve. [2]
There are two classes of analog electronic filters: passive and active.
Both classes can have modified cutoff frequencies, orders, and passes
(high, low, or band). There are two primary differences between a passive
filter and an active filter, however. One of these fundamental differences
is the circuit element they employ. Both circuits utilize capacitors in
order to filter out the low frequencies. Since capacitors function by
storing charge, they tend to block out currents that are closer to DC
current as opposed to high-frequency AC current. By equation, capacitors
have an impedance of 1/(wC), where w=2πf. [3] As one can tell from
the equation, the impedance of the element drops as the frequency
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rises and rises as the frequency falls. The other main component of
filters varies between passive and active filters. Passive filters primarily
utilize inductors to filter out the higher frequencies, whereas active filters
primarily utilize resistors to do this. Inductors filter out higher frequencies
according to Faraday’s Law:

When the current through an inductor changes, a force is created to
oppose the change. Higher frequencies of sound have faster oscillating
currents. When any current is run through an inductor, a change in
magnetic flux is produced. In contrast to a lower frequency (where the
oscillations are less frequent), an equal change in magnetic flux due to
high-frequency oscillation occurs in a much shorter time, creating a
stronger opposing electromotive force and therefore higher equivalent
resistance, than a lower frequency would produce. As such, inductors
have higher impedance for high frequencies than for low frequencies.
[3] The equivalent impedance of an inductor is Z=wL, where w=2πf.
[4] However, in active filters, resistors are used instead of inductors,
and their impedance is Z=R. [4] While the impedance of a resistor
does not depend on the frequency, the topology of a filter circuit
directs current to go either through a resistor with impedance of R
or through an element with frequency-dependent impedance. Active
filters also utilize an operational amplifier, an active device that
requires a voltage supply. [2]
The second, and more apparent, distinction between passive and active
analog filters concerns where the filtration system is located in the circuit
leading to the speaker.
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Figure 1: Placement of passive filter.

In a passive filter the filtration system is located after the amplifier,
before the speaker. [5]

Figure 2: Placement of active filter. [5]
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However, in an active filter the signal is sent directly into the filter,
processed, then sent to the amplifier, and that amplified signal is then
sent to the speaker. The important consequence of this difference is
that in a passive filter only one amplifier is needed, whereas a separate
amplifier will be needed for every filter component in the active filtration
system. [5]
4.2 Enclosure
Speaker enclosures serve the following purposes: to “control” the
sound wave produced by the back end of the speaker, to separate the
individual speakers [6], to increase the efficiency of the system (how
loud the speaker reproduces sound given an input signal) [7], and to
provide a place for the speaker to be located.
There are many ways engineers control the sound wave produced by the
rear end of the speaker. The first choice an engineer constructing a speaker
enclosure has to make is whether to make a ported or a sealed enclosure.

[8]

				

[8]

Figure 3: Diagrams of the basic outline of a sealed enclosure (left) and a ported
enclosure (right). In a sealed enclosure the air is sealed inside the box, while in a
ported enclosure it is allowed to move in and out of the box through the port.

In a ported enclosure the front wave is not the only wave used to produce
sound for the listener. The rear sound wave travels back and out of the
port to the listener. In a sealed enclosure the front sound wave coming
from the speaker hits the listener, but the rear wave dissipates inside
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the box. Engineers face a trade-off when choosing between these two
designs. Ported designs tend to have louder bass output and are more
efficient (more loudness per power input), especially at lower frequencies
[8], although that comes at the cost of space, quality of sound, and
ease of construction. Sealed enclosures tend to be more compact and
emit better quality sound, but tend to be less efficient than their ported
counterparts. [9] In the interests of quality and clarity of sound, the
enclosure designed for this paper is a sealed one, and the rest of this
section will address those types only.
In the case of a sealed enclosure the listener hears only the front wave
emitted by the speaker, because the back wave must be dissipated
within the enclosure. Otherwise, standing waves are created within
the enclosure, and these can (if preventative measures are not taken)
“approach the output of the [speaker] itself.” [10] There are various
ways of preventing standing waves from occurring inside the enclosure.
One is by using synthetic fiber sheets such as Polyfill. The fibers in
the sheet dissipate the energy by absorbing bits of it, dampening the
standing waves [10], as well as making the box act as if it were a larger
volume. [6] Another important step to take is to make sure that the
walls of the enclosure are dense and rigid by using materials such as
¾” MDF, preventing standing waves from occurring. [6] [10] Another
method for preventing standing waves and resonance is the use of
internal bracing. Braces that hold multiple walls of the box together
make it more difficult for standing waves to form. [11]
While they are not discussed or utilized in this paper, the next step to
constructing a speaker enclosure would in theory be to understand
and utilize Thiele-Small parameters. Thiele-Small parameters are a series
of variables used to describe a speaker. These parameters would then
influence the exact internal volume, dimensions, and port size in order
to create an enclosure perfectly designed for the individual speaker.
[12] [13]
5 Circuit Diagrams/Sketchups
The filter used was a Linkwitz-Riley active filter. This filter design was
chosen after running experiments on previous prototypes (see Appendix

48		

Ben Adler

B). These experiments showed that active filters are more practical for
this speaker system, and that higher-order filters have a steeper cutoff
than lower-order filters. The previous active filter was a first-order filter,
while the Linkwitz-Riley filter was a fourth-order filter. This model has
three components: high-pass, band-pass, and low-pass sections, which
will go to tweeters, midrange speakers, and woofers respectively. This
is the filter diagram:

Figure 4: Fourth-order Linkwitz-Riley crossover. [16]

Unlike my prototype filters (see Appendix B), this circuit utilizes
many operational amplifiers and is a fourth-order filter. Moreover,
this circuit is an entire crossover network and has a high-frequency,
middle-frequency, and low-frequency output. If two of the circuits
are used, these circuits could function as stereo components generating both right and left sound outputs. [16] The accepted values for
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the circuit’s cutoff frequencies are as follows. The high-frequency output utilizes a high-pass filter with a cutoff frequency of 3100 Hz. The
midrange-frequency output utilizes a band-pass filter comprised of
a low-pass filter with a cutoff frequency of 3100 Hz and a high-pass
filter with a cutoff frequency of 310 Hz. The low-frequency output is
comprised of two low-pass filters, one with a cutoff frequency of 3100
Hz and another with a cutoff frequency of 310 Hz. Here is a simpler
layout of the circuit:

Figure 5: Block diagram of fourth-order Linkwitz-Riley filter. [16]

As seen in Figure 5, the circuit can be divided into multiple sections.
The input buffer ensures that the signal is coming from a low-impedance source. [16] The output gain and buffers are just repetitions of
the previous “block.” However, since these components wouldn’t be
filtered much, the signal is then amplified slightly. The amount of
amplification is dependent on the operational amplifier.
When this Linkwitz-Riley filter was tested, each filter component
appeared to be a success.
6 Enclosure
The system designed is a three-way speaker system, and therefore has
three different speaker components: tweeters for the highest frequencies,
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midranges for the midrange frequencies, and woofers for the lowest
frequencies. A three-way system has the potential of having more than
one speaker for each range of frequencies, although this particular
speaker system uses only one speaker for each range. A sealed speaker
enclosure was designed out of .75” MDF:

Figure 6: Designed three-way speaker system enclosure.

The general shape of the external speaker enclosure was chosen on
purely aesthetic grounds. The enclosure itself is sealed and all air is kept
within it. The woofer compartment is somewhere between infinite baffle
and acoustic suspension design. The internal enclosures separated from
the main subwoofer enclosure were created to ensure that the tweeter
and midrange speakers’ outputs would not be affected or harmed by
the sound waves produced by the woofer speaker, which if it did occur
could heavily damage the midrange and tweeter speakers. The dimensions
of the designed enclosure can be seen in Figures 7 and 8:
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Figure 7: Dimensions of the external speaker enclosure.

Figure 8: Dimensions of the tweeter and midrange enclosures.
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Figure 9: Orientation of the speakers on the front panel.

The dimensions of the enclosures were based on the suggested volume and dimensions of the speakers. The most important volume
consideration was the woofer’s suggested volume, since as the largest
driver it requires the most space. The driver used for the woofer was a
2007 model CVR12, and the suggested volume for the enclosure was
from 1 cubic foot to 4.6 cubic feet, where the 1 cubic foot bound represented maximum compactness and the 4.6 cubic feet bound represented maximum sound quality. [17] The other relevant factors were
the dimensions of the speakers themselves. The speakers were a 3”
Audio Tech AT301 for the tweeter, a 5.25” Visonik (V525CS) speaker
for the midrange, and a 12” Kicker (07CVR12) speaker for the woofer.
Dimensions integral to the design of the enclosure were measured and
recorded as follows:
Speaker

Outer Frame
Diameter

Hole Cut Out
Diameter

Mounting
Depth

Bottom
Diameter

AT301

3.75”

2.75”

1.5”

2.75”

V525CS

5.5”

5”

2”

3”

11. 125”

6.3125”

07CVR12 [17] 12.5”

Figure 10: Chart of specifications of the speakers used.

THE MENLO ROUNDTABLE

53

The dimensions of each enclosure were designed based on this data.
Each speaker was to be centered along the y-axis of the front panel.
The width of each enclosure was designed to be slightly greater than
the outer frame diameter of each enclosure’s respective speaker. The
depth of each enclosure was designed to be greater than the mounting
depth of each driver. The distance between speakers was designed to
be around 4” so the magnetic flux created by one speaker would be
unlikely to interfere with an adjacent driver. These dimensions were
calculated on the assumption that the subwoofer enclosure volume
would be somewhere between 1 and 4.6 cubic feet. The midrange
and tweeter enclosure volumes were empirically designed, although
the volumes were designed to be significantly smaller than that of the
subwoofer enclosure. The calculations were as follows:
Tweeter Enclosure Volume: (4-1.5)(5.5)(6 7/16 - 1.5)/1728 = .039 cubic feet (1.104 L)
Midrange Enclosure Volume: (7.75)(9 13/16 - 1.5)(4)/1728 = .149 cubic feet (4.219 L)
Woofer Enclosure Volume: (14.5 – 1.5)(30.5-1.5)(11)/1728 - .039 - .149
				
= 2.029 cubic feet (57.455 L)

Several things about these calculations are important to note. The volume for each enclosure was calculated from the internal dimensions
of enclosure. Since .75” MDF was used, for some dimensions 1.5” was
subtracted in order to compensate. Also, each volume was divided by
1728 to convert cubic inches to cubic feet. Although the woofer enclosure’s volume does not include the Polyfill, the volume is well above the
1 cubic foot minimum, and unlikely to fall beneath it when the Polyfill
is installed.
7 Results
7.1 Filter Experiment 1: Low-pass Passive Crossover Comparisons
(For more information concerning the crossovers in this section, see
Appendix B.)
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In this experiment, two low-pass passive crossovers were built and
qualitatively compared. The two passive filters were more specifically
first- and second-order low-pass passive Butterworth crossovers (see
Figure 11). A third- or higher-order crossover was not used due to lack
of component values.

Figure 11: This diagram details the low-pass filters that were built. The upper
diagram was the first-order filter, while the middle diagram was the second-order
filter. [14]

Instead of inductors, resistors with a value of 100 mΩ were used in
place of L1 and L2. The C2 value for the second-order passive filter
was 7 µF. Values were determined by those found in a low-pass passive
filter diagram. [5] Both circuits were then wired to an amplifier in parallel and an input signal (a BK Precision 4012A frequency generator)
was sent through the amplifier. The output intensity was qualitatively
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compared. Also, the frequency output was varied and the attenuation
was qualitatively compared.
It was found that both systems produced similar sound intensity at low
frequencies. Once the frequency rose past a certain point (the cutoff
frequency), both filters began to attenuate the frequency. However, the
second-order filter’s output faded faster than the first-order filter. The
attenuation on the dB-frequency graph must have been steeper in the
second-order than the first-order filter. Nonetheless, these results were
expected, as almost by definition higher-order crossovers attenuate
faster than lower orders.
Since it is beneficial for speaker systems to have faster attenuating
crossovers, the second-order passive crossover is more suitable for a
speaker system. Therefore a second-order or higher filtration system
was utilized for later prototypes.
7.2 Filter Experiment 2: Passive Crossover Experiment
(For more information concerning the crossovers in this section, see
Appendix B.)
In this experiment a filtration system was constructed and wired to an
amplified input frequency (music from an iPhone) containing high-,
medium-, and low-frequency components. The filtration system was
comprised of three second-order passive filters, one high pass, one
band pass, and one low pass.
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Figure 12: Circuit diagram of filtration system used in Experiment 2. [14]

The component values for all capacitors were 7 µF and the component
values for all resistors were 100 mΩ. Each filter was wired separately to
its corresponding speaker.
In a preliminary test, each filter was wired to the amplified signal and
all three filters did their jobs. The tweeter wired to the high-pass filter
emitted treble frequencies most strongly, the midrange to the bandpass filter most strongly medium frequencies, and the woofer to the
low-pass filter most strongly bass frequencies.
However, a peculiar phenomenon was noted when the entire circuit
played the music. The treble was heard with great clarity while the bass
and other low frequencies were barely heard at all. The author then disconnected the tweeter and found that both the midrange and bass were
being emitted on their respective speakers, but with very low intensity.
While an ultimate conclusion as to why this phenomenon occurred
could not be found, there was a hypothesis. The midrange and woofer
didn’t play with such intensity because of the way these passive filters
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were constructed. As seen in Figure 12, the parts required were both
inductors and capacitors, but resistors and capacitors were used instead.
This inadequate substitution likely led to inadequate results in filtration. While the passive high-pass filter played well, the low- and bandpass filters didn’t as they depended on resistors to do the job of the
inductors for filtering.
This problem could likely be avoided by utilizing inductors as opposed
to resistors. However, inductors are not only clunky but also expensive
and would need to be specially ordered in bulk. Due to both monetary
and practicality constraints, I decided to use filters that did not require
inductors. The ideal filter for this type of system would be an active one.
7.3 Filter Experiment 3: Low-pass Active Crossover
(For more information concerning the crossovers in this section, see
Appendix B.)
A quantitative experiment was run in order to discover the cutoff
frequency and fall off of the low-pass active filter on the left:

Figure 13: Circuit diagram of an active low-pass filter (on left) and active
high-pass filter (on right). [16]

A BK Precision 4012 A-frequency generator supplied the input
frequency and an oscilloscope measured the output frequency. The
frequency generator was also wired into a separate input on the oscilloscope. The operational amplifier was powered by a separate power
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supply. Four criteria were measured at intervals of 10-20 Hz from 10 to
600 Hz: maximum input voltage, maximum output voltage, frequency
in, and frequency out. For the raw data chart, see Appendix C. These
raw data points were plugged into the equation: dB=-20log(Vout/Vin).
[18] This equation was used to generate the following data.
Frequency (Hz)

Decibels (dB)

Frequency (Hz)

Decibels (dB)

10

1.8684

260

-17.2339

20

0.5793

280

-18.9769

30

0

300

-20

40

-0.5793

320

-21.1598

50

-1.2734

340

-22.4988

60

-1.7845

360

-24.7596

70

-2.7368

380

-26.0206

80

-3.5218

400

-27.4963

90

-4.3611

420

-28.5194

100

-4.0329

440

-29.7623

110

-5.3063

460

-31.0181

120

-5.5241

480

-32.34867

140

-7.4477

500

-33.4528

160

-8.7867

520

-35.2957

180

-10.3703

540

-36.8478

200

-12.3085

560

-38.5073

220

-13.8447

580

-40.5606

240

-15.7829

600

-44.0824

Figure 14: Experiment 3 data for dB at frequencies.

This data was then transformed into a response curve from which the
attenuation and the cutoff frequency could be determined.
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Figure 15: Response curve for low-pass active filter.

It was quickly noted that this graph does not look like a traditional
response curve. Instead, it slopes steadily downward from the very first
data point. This is likely to be an error due to the nature of the equipment used in the experiment. For example, the frequency generator
had the “input voltage” vary significantly at low frequencies. Also,
because op amps not only filter out frequencies but also amplify the
frequencies that pass through, it was possible for the attenuation to
be positive for certain values (physically impossible in a passive filter’s
curve). Because of the anomalous lack of “knee” in the curve, the cutoff frequency could not be determined. Nonetheless, the slope on the
graph could determine the fall off, which was .0741 dB/Hz.
This experiment showed that the active filter does work with a fall off
rate of -.0741 dB/Hz. A more complicated, higher-order active filter
could be attempted in the future.
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7.4 Experiment 4: Testing the Linkwitz-Riley Filter
In this experiment, the effectiveness of the final Linkwitz-Riley filter
circuit was tested. As noted above, this filter is a fourth-order, threecomponent filter. Each component represented a range of frequencies
to be sent to its respective speaker.

Figure 16: The final Linkwitz-Riley filter tested in Experiment 4. [16]

This experiment was run to test the effectiveness of each of the filter
components in the circuit. There were four tests to be run: the frequency
response of the high-pass filter, the frequency response of the bandpass filter, the frequency response of the low-pass filter, and the range
of frequencies exhibited without a filter. In each test, a specific sound
sample was run through the circuit and ultimately out of the V525CS
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speaker. The speaker’s output was measured by a microphone attached
to a LabQuest, which recorded the sound intensity (in dB) at 10000
samples per second for a time of .1 seconds. The results were graphed
and underwent a Fast Fourier Transform (FFT). FFT is a technique
utilized in many areas of research that takes a complex wave signal (a
sound wave comprised of multiple frequencies) recorded by the microphone and converts it from a time-based graph to a frequency-based
graph. The graph displays the frequencies and their relative intensities
that the sound wave is comprised of instead of the overall wave. The
graph was then analyzed to determine whether or not the filter circuit
components were effective.
A sound sample that played as many different frequencies as possible at similar intensities had to be used in order to adequately assess
the effectiveness of the filter components. That way each component
could not only pass and amplify specific frequencies but also filter out
other frequencies, proving the filter’s effectiveness. A ten-second clip of
white noise [19] was used as this sound sample. White noise was used
because it is the signal where hypothetically every single frequency is
played simultaneously at the same intensity. While true white noise
can only exist in theory (as one cannot truly synthesize an infinitely
high frequency), the range in which this divergence would take place
was well outside the range being tested. [20]
Before proceeding to the data, a few things must be noted. One is that
on the FFT graphs there is a grey line at 0 Hz. This represents the lower
bound for frequency that could be played. Another thing to note is
that one aspect of the experimental design that was not controlled was
the distance between the speaker and the microphone. However, this
distance was held constant during each recording, so distance was constant for any individual FFT but the absolute intensity value (in dB)
cannot be compared between FFT graphs. A final thing that should be
noted before proceeding to the data is that this data (without sufficient
statistics techniques) cannot be used to determine the 3 dB point of the
respective filters. Instead, the data can be used to verify whether or not
the accepted value of the filters is even remotely accurate.
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Before data for any of the filter components could be taken, an FFT for
the sample of white noise had to be taken as a negative control. For this
data, the speaker was connected directly to the signal, and therefore
no filtration occurred. When the data was analyzed, the following FFT
was produced:

Figure 17: Fast Fourier Transform of white noise through the V525CS.

This FFT shows that while multiple spikes and troughs do exist within
the range of expressed frequencies, the white noise signal proved to
be an adequate representation of white noise. The signal adequately
expressed every frequency between 0 Hz and 4800 Hz. Moreover, the
signal appeared to express this range of frequencies with relatively similar
intensity. The highest intensity frequency differed from the lowest
intensity frequency by only around .0007 dB, allowing for error in
background noise, creation of white noise, or the particular .1 seconds
the sample was taken in. Since the sample proved to be adequate white
noise, each filter should have a higher average intensity within the
range it passed and a lower one in the ranges it filtered out.
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In order to obtain data for the high-pass filter, the signal was wired up
to the input of the circuit while the speaker was connected to the highfrequency output. This allowed the signal to run through the high-pass
filter. When the data was analyzed the following FFT resulted:

Figure 18: Fast Fourier Transform of white noise through the high-pass filter and
then through the V525CS.

This FFT shows that the high-pass filter was successful in only passing
highest frequencies. As displayed in Figure 17, the white noise signal
consisted of a spectrum of frequencies with relatively consistent intensity
from 0 Hz to 5000 Hz. However, as seen in Figure 18, when the signal was
run through the high-pass filter, lower frequencies were only passed
at relatively low intensities and higher frequencies passed at relatively high intensities. In other words, the high-pass component of the
Linkwitz-Riley circuit was successful. The accepted value for the 3 dB
point of the high-pass filter was 3100 Hz. While it is difficult to assess
whether or not the frequency begins to attenuate at higher frequencies,
the frequency does appear to be attenuating at frequencies higher than
3100 Hz. The 3 dB point does appear to be relatively close to 3100 Hz.

64		

Ben Adler

In order to obtain data for the band-pass filter, the signal was wired
up to the input of the circuit while the speaker was connected to the
midrange-frequency output. This allowed the signal to run through the
band-pass filter. When the data was analyzed the following FFT resulted:

Figure 19: Fast Fourier Transform of white noise through the band pass filter and
then through the V525CS.

This FFT shows that the band-pass filter was successful in passing only
midrange frequencies. As displayed in Figure 17, the white noise signal
consisted of a spectrum of frequencies with relatively consistent intensity
from 0 Hz to 5000 Hz. However, as seen in Figure 19, when the signal
was run through the band-pass filter, the lowest and highest frequencies
were only passed at relatively low intensities and the middle range of
frequencies (500-3000) passed at relatively high intensities. In other
words, the band-pass component of the Linkwitz-Riley circuit was
effective. The band-pass filter was designed to pass frequencies 310 Hz
through 3100 Hz and dampen the signal outside of these frequencies.
These particular values are not completely supported by Figure 19, as
the figure shows the signal beginning to dampen the signal before the
310 Hz and 3100 Hz cutoff frequencies. Despite these inconsistencies,
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the band-pass filter was successful overall, as it passed a midrange band
of frequencies and attenuated anything outside this range.
In order to obtain data for the low-pass filter, the signal was wired up
to the input of the circuit while the speaker was connected to the lowfrequency output. This allowed the signal to run through the low-pass
filter. When the data was analyzed the following FFT resulted:

Figure 20: Fast Fourier Transform of white noise through the low-pass filter and
then through the V525CS.

This FFT shows that the low-pass filter was successful in passing only
the lowest frequencies. As displayed in Figure 17, the white noise signal
consisted of a spectrum of frequencies with relatively consistent intensity from 0 Hz to 5000 Hz. However, as seen in Figure 20, when the signal was run through the low-pass filter, higher frequencies were only
passed at relatively low intensities and the lowest frequencies passed
at relatively high intensities. In other words, the high-pass component
of the Linkwitz-Riley circuit functioned successfully. The accepted
value for the 3 dB point of the high-pass filter was 310 Hz. This graph
appears to clearly support the 3 dB point being at 310 Hz. Frequencies
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below 310 Hz are passed at relatively strong intensities, and beginning
at 310 Hz the frequency quickly begins to attenuate in intensity. This
graph clearly supports the 3 dB point being at 310 Hz.
While this data cannot be used to determine the 3 dB point precisely,
the 3 dB points in the band-pass filter and high-pass filter appear to be
significantly different than the accepted value provided with the circuit.
This is most likely because capacitors and resistors are not made with
perfect accuracy. Capacitors are manufactured with an error range
of ±10% and resistors are made with an error range of ±5%. These
differences in values likely have contributed to less than ideal impedance matching, causing the 3 dB point to diverge from ideal as well.
In conclusion, while this experiment does not give the exact values of
the 3 dB points, it does prove that each component of the LinkwitzRiley circuit works well.
8 History
Speaker systems have gone through profound transformations since
the early 1900s. The following is a little history on how speaker systems
have developed over the years.
8.1 Enclosures
Before the 1930s, speaker cabinets weren’t used in speaker systems.
Instead speakers were horns that stood by themselves. However, in
1929, engineers Rice and Kellogg invented the modern loudspeaker,
allowing for an enclosure beneficial to accurate sound reproduction.
[21] Soon after this innovation, Albert L. Thuras patented the bassreflex enclosure, which proved to be a widespread success. [22] Vented,
or bass-reflex suspension, enclosures were the only speaker enclosure
design until 1954, when engineer Edgar Villchur invented the closed
or acoustic suspension enclosure. Unlike the previous designs of
enclosures, this one was capable of accurate reproduction of bass
frequencies without taking up nearly as much space. [23] Since then
multiple other enclosure designs have been created.
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Figure 21: Some other speaker enclosure designs. From left to right they are
band-pass, horn-loaded, isobaric, and transmission line enclosures. Each
enclosure has its own advantages and disadvantages. See citations [8]
and [24] (isobaric).

8.2 Crossovers
In 1903 scientist George A. Campbell discovered a direct correlation
between frequency and the dampening effect of a Pupin line (a wire
with equal coils of wire spaced at even intervals in order to simulate
a wire of different diameter). He noted that for frequencies below a
particular frequency, the dampening effects of the Pupin line also
decreased. Following this discovery, in 1915 Campbell created the first
filter (passive) by using a ladder of inductors and capacitors (already
known to dampen low frequencies). This discovery was also made
independently in Germany by Karl Wagner. [25]

Figure 22: Diagram of an early low-pass filter. [27]

From 1915 to 1930, electronic filter designs were modified to become
more precise and more complex. One of the biggest innovations in
filter designs during this time was Sydney Darlington’s image-parameter
theory, which allowed for filters to be designed with multiple sections.
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This design had noticeable flaws, however, particularly as to the cutoff
frequencies. These flaws were soon fixed by Samuel Butterworth and
William Bennett around 1930. Between 1930 and 1940, Wilhelm Cauer
came up with a series of equations for designing filters with specialized
attenuation. Probably the biggest advance in passive filters was made
in 1939, when Darlington published his insertion-loss theory, offering a fully mathematical representation of a filter. Despite this breakthrough, his theory wasn’t well exploited at the time due to the large
amount of computing needed. In 1955, R. P. Sallen and E. L. Key came
up with the earliest design for an active filter, which wasn’t utilized
much until later due to the expensive nature of active components.

Figure 23: Diagram of a Sallen-Key active filter. [27]

Ultimately, however, active filters grew popular because of the bulkiness and low-quality factor of inductors, which are used in passive but
not active filters, as well as the falling cost of active components. [27]
But passive filters do remain in use. The most popular filter for audio
purposes is the Linkwitz-Riley filter, designed in 1976, and widely
available commercially by 1983. The main innovation in the Linkwitz
design was the placement of the cutoff frequencies, which were designed
to give a completely flat response. [26] Digital filter systems are commonplace today, generally in two designs: infinite impulse response
(IIR) and finite impulse response (FIR). [27]
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11 Appendices
11.1 Appendix A: Needed Parts List
Part Description

What Needed for

Cost

Where Buy

11 kΩ resistors

Linkwitz-Riley
Circuit

School covered

Electronics
website

22 kΩ resistors

Linkwitz-Riley
Circuit

School covered

Electronics
website

3.3 nF capacitors

Linkwitz-Riley
Circuit

School covered

Electronics
website

6.6 nF capacitors

Linkwitz-Riley
Circuit

School covered

Electronics
website

33 nF capacitors

Linkwitz-Riley
Circuit

School covered

Electronics
website

2 Tweeter speakers Speaker

$20

Car Audio Shop

2 midrange
speakers

Speaker

$30

Car Audio Shop

Woofer

Speaker

$10

Car Audio Shop

Material for
Speaker box
(.75” MDF)

Speaker Boxes

$40

Home Depot

Filler/Padding
(ex Polyfill)

Speaker Box

$10

Car Audio Shop

Figure 24: Items bought.
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11.2 Appendix B: Prototype Filters
Passive filters were initially chosen for the speaker system for two
reasons. The first was that passive filters don’t require post-filtration
amplifying. The signal used would be amplified before being sent into
the filter. The signal would then be filtered and played through the
corresponding speakers. In contrast, active filters require amplification
post filtration. Therefore a separate amplifier would be needed in order
to amplify every individual output. This is a potentially expensive burden. Passive filters were also decided upon because they are indeed
passive and do not contain active elements. They do not require a supply voltage to run, as would operational amplifiers in an active filter.
As of February 28, 2010 three filters were created and one filtration
system created. The rationale behind each one will briefly be explained
here, but for more detail see the Results section.
Also important to note is the fact that although all passive-filter
circuits call for the use of inductors, there were no inductors in the
workspace, so resistors were used instead. It was later found that
resistors used in passive filters were likely to be a poor substitute (see
Results, Experiment 2).
The first two circuits created were low-pass passive filters:
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Figure 25: Low-pass passive filters of varying order. [14]

Both the top and middle circuits were created, a first-order low-pass
and second-order low-pass filter respectively. The resistor values were
both 100 mΩ (labeled as inductor values on the graph) and the capacitor values 7 µF. A qualitative experiment was run and it was determined that second-order passive filters were better suited for a speaker
system than first-order passive filters (see Results, Experiment 1).
Following these two filters, a second-order passive filtration system
was created:
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Figure 26: A second-order passive filtration system. High-frequency components
are at the top, midrange-frequency component in the middle, and low-frequency
component at the bottom. [14]

This filtration system was three-way, or in other words had three outputs: high, midrange, and low frequencies going from top to bottom
on the diagram respectively. Once again resistors with a value of 100
mΩ were used in lieu of inductors and 7µF capacitors were also used.
A second qualitative experiment was run and it was found that there
was an inherent problem with the low- and band-pass filters when
wired with the high-pass filters that could not be fixed without inductors (see Results, Experiment 2).
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The next filter prototype was a low-pass active filter:

Figure 27: Sallen-Key low pass active filter (on the left). [15]

Unlike the previous two filters, the filter shown in Figure 27 is an active
filter. That is, it operated using an operational amplifier and therefore
required not only an input signal but also an input voltage just to run.
As labeled on the diagram, two 10 kΩ resistors were used as well as two
10 μF capacitors.

76		

Ben Adler

11.3 Appendix C: Raw Data for Experiment 3
Maximum Voltage
In

Maximum Voltage Frequency
Out
In

Frequency
Out

-

-

0

0

5

6.2

10

10

5.8

6.2

20

20

6

6

30

30

6.2

5.8

40

39

6.6

5.7

50

50

7

5.7

60

61

7.4

5.4

70

70

7.5

5

80

81

7.6

4.6

90

90

7

4.4

100

100

7

3.8

110

110

6.8

3.6

120

122

6.6

2.8

140

139

6.6

2.4

160

159

6.6

2

180

178

6.6

1.6

200

200

6.4

1.3

220

218

6.4

1.04

240

238

6.4

0.88

260

259

6.4

0.72

280

278

6.4

0.64

300

300

6.4

0.56

320

320

6.4

0.48

340

338

6.4

0.37

360

358

6.4

0.32

380

379

6.4

0.27

400

398

6.4

0.24

420

420

6.4

0.208

440

439

6.4

0.18

460

458
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(table continued)
Maximum Voltage
In

Maximum Voltage Frequency
Out
In

Frequency
Out

6.4

0.152

480

480

6.4

0.136

500

500

6.4

0.11

520

521

6.4

0.092

540

540

6.4

0.076

560

56

6.4

0.06

580

581

6.4

0.04

600

598

Figure 28: Raw data results for Experiment 3.
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Building and Testing a Wind Tunnel
Will Stark
1 Abstract
A wind tunnel has been built to measure drag and downforce of 1:18
scale model cars. The wind tunnel is composed of a contraction cone,
test section, and diffuser with the necessary instrumentation to measure
the drag and downforce acting on the vehicles. Wind speed can vary
from 0 MPH to 20.1 MPH with the use of a variable transformer. Six
various body styles have been tested for effectiveness. The highest drag
was found when testing a Hummer H2, 0.095 lb., while the lowest drag
was found when testing the Ferrari F50 with .021 lb. of drag.

Figure 1: The wind tunnel.

This paper was written for Dr. James Dann’s Applied Science
Research class in the spring of 2010.
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2 Big Idea
A wind tunnel has been constructed in order to study drag forces
acting on different automotive designs. The wind tunnel measures
aerodynamic forces acting on 1:18 scale model cars. The author
originally got the idea from Dr. James Dann. Over the course of the
project, much has been learned about the properties of air. To produce
consistent results, the wind tunnel must produce a laminar stream of
air. Once the wind tunnel was built, calibrations were done to measure
air speeds with respect to the input voltages of the fan. Finally, different
model cars have been placed in the wind tunnel for testing and analysis.
3 Introduction
Airflow over a vehicle determines the drag forces, which in turn
affects the car’s performance and efficiency. I designed the testing
equipment to measure both the vertical and horizontal components
of air resistance on a model car. Downforce, the vertical component, is
simply negative lift. When a car goes faster and faster the weight of the
car changes due to air resistance. Depending on the direction (upward
or downward) this is called either lift or downforce, respectively. I will
also measure the horizontal component, the drag of the model cars.
Drag is the amount of force that the air is pushing on the car at a certain
speed. In other words, it is the amount of resistance the air imposes on
the car in a horizontal direction. [1]
For a vehicle to maintain its speed it must overcome friction. The
most important source of friction at high speeds is air resistance. If air
resistance can be minimized, the car will be more efficient because less
energy is lost to friction. Today, with increasing energy costs, efficiency
is finally receiving the attention it deserves. If a car can cut through the
air with little resistance, it will get better gas mileage. The automotive
industry is accordingly devoting more attention and resources to the
aerodynamics of their vehicles. For example, the 2010 Ferrari 458 Italia
has 309 lb. of downforce at 124 MPH. [7] I will hopefully be able to
apply the skills that I learn building and testing the wind tunnel to my
work later in life.
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4 Design
There are three components that make up any open system wind
tunnel: the contraction cone, test section and diffuser.
The contraction cone is at the front of the wind tunnel; it is responsible
for directing air into the test section. The contraction cone’s conical
shape and screens help produce a laminar flow of air over the vehicle.
The test section is the next component of the system. The clear acrylic
construction allows the observer to see the vehicle. The test section
also houses all of the testing equipment to measure the aerodynamic
forces acting on the cars, notably a scale and force probe.
The diffuser is the last piece of the wind tunnel; it houses the fan. The
fan must be placed at the end of the wind tunnel instead of the front
to produce a laminar flow of air through the test section. Fans produce
a turbulent flow of air just by their nature; the propellers create
turbulence. Therefore, it is advantageous to place the fan at the end of
the wind tunnel in order to create a vacuum. Pulling the air through
the tunnel produces a laminar flow of air. The diffuser’s conical shape
also increases the wind speed through the test section. Because the fan
is 15” in diameter and the dimensions of the test section are only 8’’ by
8”, air is accelerated through the test section. With any liquid there is a
relationship between cross-sectional area and velocity. This is evident
in a derived form of Bernoulli’s Principle:
A1V1=A2V2
I can apply this equation to calculate the speeds at all three locations
of the wind tunnel: at the diffuser, through the test section, and out the
fan. See equations below:
ADiffuserVDiffuser = ATest SectionVTest Section = AFanVFan
(20” x 20”)(VDiffuser) = (8” x 8”)(20.1 MPH) = (7.52π)(VFan)
VDiffuser = 3.2 MPH and VFan = 7.2 MPH
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All of the components of the wind tunnel can be seen in Figure 2 and
Figure 3. For purposes of portability and storage I have decided to keep
the contraction cone, test section and diffuser separate. However, when
put together the components must fit together seamlessly. Therefore,
I have used rubber gaskets along the contact points. [6] Figures 4-6
illustrate the contraction cone, test section and diffuser.

Figure 2: The wind tunnel (to scale).

Figure 3: The wind tunnel (to scale).
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Figure 4: The contraction cone is designed to control the air coming into the
wind tunnel. For accurate results it is vital to have a laminar flow of air into
the tunnel. A laminar flow is attained via the shape of the contraction cone
and a series of screens.
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Figure 5: The test section houses the model car in a transparent enclosure. It also
serves as the platform for all tests. A scale under the base of the car measures the
vertical component of air resistance, downforce. The horizontal component, drag,
is measured with a force probe located under the test section. The force probe is
connected to the front of the car with a pulley and string.
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Figure 6: The diffuser houses the fan. The smaller opening through the test section
(8’’ x 8’’) makes the speed of the air much greater than it is through the fan
(20’’ x 20’’). It is desirable to have high speeds through the test section to have
more realistic wind speeds. See design section for more detail on Bernoulli’s Principle.

I designed and built the necessary circuitry to power the fan and
measure the voltage going to the fan. I used a variable transformer to
adjust the voltage going to the fan from 0-150 V and then correlated
the fan voltage with wind speed. I did not use the wind speed probe
during testing because it would have produced turbulence. The
voltage-adjustment dial on the transformer was very inaccurate, so I
decided to measure the voltage with a Vernier LabQuest (see Figure
7). The LabQuest maxes out at a mere 10 V, however. [2] I therefore
had to design a circuit that would step down the voltage with a series
of fifteen 2,000 Ω resistors (see Figure 8). I chose resistors with a high
resistance to limit the current on this part of the circuit, allowing most
of the power to go directly to the fan.
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Variable Transformer Voltages
Transformer dial (V) Actual (V)
0

0.5

10

13.1

20

26.6

30

38.7

40

50.7

50

62.0

60

74.1

70

84.9

80

96.5

90

109.4

100

120.9

110

131.3

120

144.0

130

150.0

Figure 7: The voltage difference between what the dial on the transformer
showed and the actual output. Notice the increasing spread between the two
until 150 V is reached.

r

Figure 8: Circuit Diagram. This circuit is used to power the fan and measures the
voltage going to the fan. The fan and the 15 resistors are connected in parallel to
allow their currents to be different. The fan draws much more current than the
small 0.0005 A through the 15 resistors. See Ohm’s Law:
V=IR
150V = I (2,000 • 15)
I = 0.005 A
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5 Theory
The main objective for wind tunnels is to obtain a laminar flow of air
through the test section, that is, a parallel steady flow with uniform
speed throughout the section. [3] In the event, this did not prove
possible. There will always be some background noise in the system no
matter the design.
In a wind tunnel it is desirable to have the highest possible speed
with the largest test section. This will reduce noise by giving the test
subject more room to bend the air. But high speeds and a large area
are competing demands. Therefore, I had to compromise with a test
section 8” x 8” and a fan that can push 1,600 cubic feet per minute
(CFM). I calculated the speed through the test section to be 51.1 MPH
with those parameters. However, with frictional losses the maximum
speed I achieved through the wind tunnel is 20.1 MPH.
Designing a wind tunnel for automotive purposes presented some
challenges, starting with blockage based on the frontal area. The flow
around automobiles is characteristic of “bluff bodies” as opposed to
“streamlined bodies” such as an aircraft wing. These bluff bodies result
in a sizable region of separated flow. [1] To achieve a smooth parallel
flow these separated regions of air must “close” before they exit the
diffuser. Otherwise there will be pressure problems inside the test
section. This pressure imbalance will cause noise and a large amount
of drag after the vehicle. [4] Therefore the test section has a large
empty area after the car for the separated flow to join back together.
Without this area behind the car, a large amount of turbulence would
be produced.
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Figure 9: A full-sized Porsche in a wind tunnel. In industry, colored air is used
to identify areas of turbulence.

Controlling the stream of air is vital in assuring the accuracy of wind
tunnels. Any source of turbulence after the test section will cause
distorted results. Turbulences cause separation in the speed of the
air. These different speeds then create pressure differences. The only
source of turbulence in a wind tunnel should be the model car.
6 Calibration
The wind tunnel needed to be calibrated to ensure its accuracy. To do
this I accounted for all error I could measure. The first procedure I
performed was correlating the wind speed with the input voltages on
the fan. I could then determine wind speed through the tunnel without
the need for an anemometer.
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Figure 10: Voltage to windspeed. Shows the correlation between input voltage for
the fan and wind speed through the test section.

I also had to calibrate the scale. Aerodynamic forces were acting on
the scale: as wind speed increases, so does the weight that the scale is
reading. This is incorrect, so I adjusted all my data to show only the
changes in weight due to the aerodynamic forces acting on the cars.

Figure 11: Scale error. Shows how the scale got “lighter” as the wind speed was
increased. I adjusted my weights to account for this source of error.
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7 Results
I tested six different model cars in the wind tunnel. The various body
styles produced different results. I measured both the downforce
and drag on each car. Different body styles gave different results. For
instance, a bluff body like the Hummer H2 experienced a drag of 0.095
lb. while the sleeker Ferrari F50 only had 0.021 lb. of drag.
1963 Chevrolet Corvette

1964½ Ford Mustang

1995 Ferrari F50

2002 Dodge Viper

2004 Porsche Carrera

2005 Hummer H2

Figure 12: The six different cars I decided to test. Varying designs produced
different results.
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Drag (lb.)

1963 Chevrolet Corvette

0.034

1964½ Ford Mustang

0.038

1995 Ferrari F50

0.021

2002 Dodge Viper

0.028

2004 Porsche Carerra GT

0.023

2005 Hummer H2

0.095

Figure 13: Drag measurement for each car. The highest was the Hummer H2
with 0.095 lb.; the lowest was the Ferrari F50 with 0.021 lb.
Downforce/Lift (oz.)
At 6 MPH

At 8 MPH

At 20 MPH

1963 Chevrolet Corvette

0

0

-0.1

1964½ Ford Mustang

+0.2

+0.3

+1.9

1995 Ferrari F50

0

0

-0.7

2002 Dodge Viper

-0.2

-0.2

-0.9

2004 Porsche Carerra GT

0

0

-0.8

2005 Hummer H2

0

+0.4

+0.8

Figure 14: Downforce and lift each vehicle experienced when exposed to 20.1
MPH winds. Note that the Hummer and Mustang got heavier and the other
cars became lighter.

Figure 15: Example of some of the data I took. Notice the delay between the
fan voltage and the ensuing drag from the increased windspeed.
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Brushless Bipolar DC Motor
Ryan Goulden, Geoffrey Lalonde & Will Strober
1 Abstract
The objective of this project was to create an electric motor. Specifically,
this project aimed for high rotational velocity, with emphasis placed on
build quality, stability, and adjustability. The final motor is a brushless
DC motor with three phases and four poles, controlled by bipolar Hall
chips and high-speed relays. The peak motor speed observed was 5526
rpm at a voltage of 41.3 V and current of 5.39 A. On a separate run, the
peak dynamic torque was calculated to be 0.017 Nm at a power output
of 2.49 W with 2.1% efficiency.
2 History
2.1 Sturgeon’s Commutator
William Sturgeon developed the first electromagnet able to lift more
than its own weight. He went on to develop the commutator, an essential component of DC electric motors. Commutators are rotary electrical switches capable of periodically reversing current direction. Using
“brushes”—flexible, low-friction electrical contacts—the position of
the motor shaft determines the flow of electricity through the electromagnet, resulting in alternating pushes and pulls that cause the shaft to
rotate. He constructed the first electric motor using a commutator in
1832. [1]
2.2 Davenport’s DC Brush Motor
In 1837, the United States approved Thomas Davenport’s application
for a patent for “Improvement in Propelling Machinery by Magnetism
and Electro-Magnetism”—his electric motor. [2] It was a DC motor
This paper was written for Dr. James Dann’s Applied Science
Research class in the fall of 2010.
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using brushes to alternate the circuit direction. Davenport used the
commutator as an integral part of his design.
2.3 Gramme Ring
In 1873, Zénobe Gramme, a Belgian inventor, discovered that his previous innovation for a DC generator, which stood out for its unique
ability to produce nearly constant current, could be used as an efficient
electric motor. He had created a generator using coils that overlapped
in magnetic field, thus creating a near constant output. By accidentally
connecting the output leads of two generators, he directed DC current
into one by turning the other. At this point he observed that his generator could work as a motor. The Gramme generator was the both the first
generator and motor efficient enough for widespread industrial use. [3]

Figure 1: One set of coils outputs a current with high current variance. [3]
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Figure 2: Multiple coils and multiple poles create overlapping current output,
creating more constant current. [3]

2.4 Sprague’s Elevator Motor
By 1886, Frank Sprague had developed a DC electric motor that could
maintain constant speed with varying amounts of load weight. Its ability
to return power back to its power supply led to widespread industrial
use. Sprague motors were essentially the first practical electric motors,
and were soon applied in intensive situations such as elevators and street
cars. Sprague’s work in electric motors showcased the potential for this
technology, leading to its graduation from the realm of lab experiments. [4]
2.5 Tesla’s AC Motor
In 1888, Nikola Tesla created the first practical AC induction motor to
accompany his work in the creation of AC power distribution grids. [5]
Tesla’s motor used three-phase AC power, reducing vibration over existing single-phase AC motors and offering the additional trait of being
self-starting. The motor was also an improvement over contemporary
DC motors due to its brushless design: commutators were extremely
high-maintenance parts, and the lack of any in Tesla’s motor made it
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durable. The polyphase AC motor has become the standard choice in
today’s heavy industry. [6]
2.6 The Modern Motor
The first variable-speed brushless DC motors were developed in 1962
and saw widespread use in the electronics industry. [7] With the introduction of modern electronics, motor designs previously incapable of
such abilities as variable speeds or adjustable torque could be completely controlled, and the distinction between AC and DC motors became
largely irrelevant. Refinements have been made across the board, and almost
all motor designs, new and old, have their uses in the world today.
3 Theory of Operation
3.1 Electric Motors
Rotational motors operate through carefully sequenced applications
of force around the axis of rotation. These forces can be created by
almost anything: pneumatic or hydraulic motors use compressed air
or fluid pushing on the vanes of a turbine, while combustion engines
use pistons actuated by expanding gases. In electric motors, the rotational forces are magnetic. In general, the magnetic force acts between
an electromagnet and a permanent magnet, but any pair of regularly
fluctuating magnetic fields can be coordinated to work as a motor. Electromagnets are ideal because of the amount of control afforded to the
operator. They can be turned on, turned off, and reversed at virtually
any speed, which is very important to a motor when the forces need to
be applied at the correct time lest they counteract the rotational motion.
To achieve this fine timing, the orientation of the rotor must be sensed.
Brushed motors have commutators, mechanical switches that actuate
based on their rotor’s orientation, while brushless motors have sensors (reed switches or Hall effect sensors) detecting magnetic field for
timing an electromagnet. [8]
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3.2 Electromagnets
Electromagnets generate a magnetic field when electricity is applied to
them. They work because of a property of electricity: when a current is
passed through a wire, a magnetic field proportional to the amount of
current is generated along the length of it. Current is the flow of charge,
which is created by a difference in potential or voltage. Voltage and current are related by the equation V=IR: the voltage difference in a circuit
is equal to the current multiplied by the resistance. For an electromagnet, one must create a voltage difference across a wire using some sort of
power supply. A single wire will not produce much of a magnetic field,
however; in order to strengthen the field, many wires can be aligned in
the same direction. This can be achieved by wrapping a single wire into
a solenoid coil, which has the effect of concentrating its magnetic field
into the shape of a torus. The field is directed out one end of the coil
and into the other—the electromagnet’s north and south pole, respectively. Switching the current reverses the poles. To further increase the
strength of the electromagnet, a core can be added. This is usually some
variety of ferrous metal around which the coil is wrapped. The magnetic field produced by the coil induces a field in the core, which serves
to amplify and extend it hundreds or thousands of times over a “core”
of air. [9]
3.3 Hall Effect Sensors
Discovered in 1879 by Edwin Hall, the Hall effect describes the effect
of a magnetic field on an electric current. [10] It was known at the time
that a change in magnetic flux creates a voltage potential (a property
called electromagnetic induction); however, the Hall effect showed that
a constant magnetic field could be detected. When a conductor carrying a current is placed in a magnetic field, the electromagnetic interaction produces a lateral force on the moving electrons resulting in a
potential difference perpendicular to the flow of current. The Hall effect
sensor takes advantage of this by observing the potential difference and
outputting a voltage representing the strength and polarity of the magnetic field. By interpreting the output voltage of a Hall effect sensor,
the electromagnets can be timed to spin a motor. [11]
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4 Design
4.1 Mechanical Design
This motor was originally designed to have nine phases—three rings
of three electromagnets, offset at 40 degrees from each other. Due to
time constraints, only a third of the motor was completed—a single
ring of three electromagnets, spaced at equiangular intervals of 120
degrees around the enclosure—but the design is such that any subset
of the electromagnets constitutes a working motor. The rotor has four
permanent magnets of alternating polarity in an aerodynamic seat to
minimize air resistance. The seat is a plastic part generated by a rapid
prototyping machine that secures the magnets at precise right angles.
Each electromagnet attracts a nearby permanent magnet until it comes
directly beneath the electromagnet. At this point the current is switched,
causing the electromagnet to repel the permanent magnet, pushing it
past and increasing speed. Because the polarity of adjacent magnets
is opposite, whenever one permanent magnet is being attracted to the
electromagnet the adjacent magnet is being repelled. This is favorable
because the sequence of electromagnets does not need to include a
“break” period; rather, the current can just be reversed at appropriate
times so every electromagnet always has current running through it,
with the exception of a short downtime due to inductance while switching current. Because the direction of the current in each electromagnet
depends on the polarity of the upcoming permanent magnet, bipolar Hall chips are required. When a magnet of a new polarity enters
the Hall chip’s sensory field, it will reverse its own output voltage. The
current of the associated electromagnet reverses accordingly.
The base is made of a single wooden plank, important for aligning the
bearings. To maximize speed, friction must be minimized, and misaligned bearings can create large amounts of friction. The wood was cut
with a miter saw and care was taken to ensure the squareness of perpendicular pieces. The original design included three bases with 3 coils
each, although only one was used in the final motor. These were kept
separate in a modular design to facilitate the orientation of Hall effect
sensors, insertion of axle, and general alignment. The coils themselves
were wound around steel bolts with two nuts securing them to a section
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of PVC pipe. PVC carries advantages over the more popular wooden
frame: its circular nature makes coil positioning intuitive; trading many
brackets for some glue eases alignment; and it affords sturdy, compact
construction, which minimized the effects of vibration. It is advantageous to have the coils as close to the permanent magnet core as possible,
and the nuts enabled their adjustability. A final important design decision was to include washers in front of and behind the coils. These were
extremely important in keeping the coil uniform and neat while allowing a larger number of turns. The Hall sensors were secured to semirigid sections of wire, which in turn were secured to the pipe. The Hall
sensors, being of negligible mass compared to the rigidity of the wire
stands, were easily positionable, providing further adjustability.

Figure 3: An isometric overview of the motor.
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Figure 4: A side view of the motor.

Figure 5: An isometric overview of the rotor. The magnets, which slot into the
rectangular cavities, are not shown.
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Figure 6: A top-down view of the rotor. Different axles of varying length were used
in the project.

Figure 7: A front view of the stator. The top number is the outside diameter of the
housing. The middle number is the inside diameter of the housing. The bottom
number is the diameter of the axle. Figures representing the mounting locations
of the Hall chip stands can be seen as the lines in front of the coils. They are of
indeterminate length as they are flexible wire and bent as needed. The coils themselves
are similarly of indeterminate length because they are on adjustable bolts.
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Figure 8: A rear view of the base.
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Figure 9: A view into the front of the stator. Thick copper wires serve as Hall chip
mounts, while the rubber wires leading to the left connect Hall chips to the circuit.
Magnetic coil wire from the solenoids also connects to the circuit. The rotor in the
middle of the axle is wrapped in tape.

4.2 Electrical Design
The axle is propelled by magnetic interaction between stationary electromagnets and rotor-mounted permanent magnets. The function of
the circuit is to periodically switch the polarity of the electromagnets
in order to keep the rotor from reaching an equilibrium position, and
thus keep the axle in perpetual motion. These polarity switches are
coordinated to produce a net torque on the rotor, thereby causing
the axle to rotate. For optimal performance, the design geometry ensures that each electromagnet–permanent magnet pair will at all times
produce a positive torque, as opposed to merely the system as a whole
producing a net positive torque.
In the circuit, each electromagnet is connected to the main DC power
supply through a monostable DPDT relay such that the direction of
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current through the electromagnet is dependent on the state of the relay: switching the relay switches the polarity of the electromagnet. Each
relay is controlled by a bipolar Hall effect sensor mounted near the rotor. Responding to the magnetic field generated by the permanent magnets, each sensor independently produces a voltage that changes sign
based on the orientation of the rotor. A Hall effect sensor alone does
not produce enough current to switch a relay, so signal output is amplified with a small NPN BPJ transistor. Thus, mediated by the circuit,
the orientation of the rotor controls the polarity of the electromagnets.
The exact relationship between the two (i.e., at which angles each electromagnet flips polarity) depends on the location of the Hall chips. In
accordance with the overall goal of a spinning electric motor, the Hall
chips are positioned such that each electromagnet will switch from attracting a nearby permanent magnet to repelling it at the moment that
the permanent magnet passes underneath it, which occurs once every
quarter revolution of the rotor.
Given the initial decision to use Hall chips and polarity-reversing electromagnets, the only major design choice was the use of DPDT relays.
Relays were not initially selected; instead, a solid-state circuit consisting
of BPJ transistors was constructed. This circuit was dysfunctional due
to both construction errors (transistors were overheated in the soldering process) and design errors (breakdown voltage would have theoretically been exceeded in one quarter of the transistors). With simplicity
in mind, relays were selected for use both because their switching behavior is well understood and because a single DPDT relay is required to
switch the direction of a current, as opposed to four SPST-like switches
(including transistors).
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Figure 10: Circuit diagram for a single coil. A total of three coils are present in
the electric motor.

Figure 11: Photographs of the completed circuit, with leads to the solenoids
and Hall chips

5 Results
5.1 Rotations Per Minute
The first attempt to measure the motor’s average rotational speed
was made by attaching a small piece of black tape to the end of the
axle, creating a spinning orthogonal protrusion. A LabQuest photogate was then set up across the top of the piece of tape, blocking and
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unblocking the gate once per rotation. However, the motor rotated with
a period below the minimum sensitivity of the photogate, indicating
speeds in excess of 3000 rpm. To attain more accurate measurements
of rotational speed, the photogate was removed and a high-frequency
adjustable strobe light was directed at the piece of tape. Starting the
motor with a voltage known (through use of the photogate) to produce
a speed of around 2000 rpm, the strobe frequency was matched to that
of the motor, causing the black tape to appear stationary. Then, the voltage was slowly increased—increasing the rotational speed—while the
strobe frequency was increased to match. A maximum of 5526 rpm was
achieved at around 39.6 V.
5.2 Torque
The starting torque was measured using a LabQuest force sensor.
A light string was connected to the axle of the motor and hooked to
the force sensor. The motor was then started and the force sensor held
stationary. Peak force was measured and the torque determined based
on this maximum force and the radius of the axle.
Torque = Fd
Torque = (sensor output) * (axle radius)
Torque = 13.16 N * 0.003535 m
Torque = 0.04652 Nm
The dynamic torque was measured by connecting the string to a hanging weight of known mass, such that the running motor would cause
the string to wind around the axle and raise the weight. The force and
dynamic torque on the rising weight were calculated by measuring its
acceleration using a LabQuest motion detector.
F = ma
F = (mass of weight) * (sensor output)
F = 0.389 kg * (2.591 m/s2 + 9.8 m/s2)
F = 4.82 N
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Torque = Fd
Torque = (calculated force) * (axle radius)
Torque = 4.82 N * 0.003535 m
Torque = 0.017 Nm
5.3 Efficiency
The efficiency calculation requires the power output of the motor. The
relevant data was obtained in the measurement of dynamic torque
using the calculated force on the weights and velocity data from the
LabQuest motion sensor.
P = Fd/t
P = (force from torque calculation) * (sensor output)
P = 4.82 N * 0.516 m/s
P = 2.49 W
The power input into the motor is necessary as well. The voltage during
the measurement of power output was read off the display on the power
supply; however, the displayed current is not reliable: the switching of
the relays causes the displayed current to be much less than one would
expect, and using it would have resulted in a measured efficiency in
excess of 20%. Instead, a maximum current was used, obtained by running 30 V through the three coils in parallel, without any circuitry, and
reading the power supply display then.
P = IV
P = (maximum current) * (power supply voltage)
P = 3.97 A * 30 V
P = 119 W
Knowing power input and output, efficiency was calculated.
Efficiency = Pout / Pin
Efficiency = 2.49 W / 119 W
Efficiency = 0.021
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The torque and efficiency data can be found in Appendix C. Additional
data and graphs can be found in Appendix D.
6 Conclusion
6.1 Areas of Success
This motor was successful in that it was relatively quiet, cool, fast,
and efficient. It also had a relatively large amount of both starting and
dynamic torque. The bipolar design worked quite well, with the added
property of being self-starting. The construction is solid and rugged.
Finally, the foresight to allow adjustability of the electromagnets and
the Hall effect sensors paid off: tuning produced visible performance
gains. Ultimately, all the original goals were met in effect, if not
completely in execution.
6.2 Potential for Improvement
The outstanding issue with the motor is that only one of the three
armatures is operational. With experience from setting up the first, the
remaining two would be relatively simple to introduce given additional
time. The additional coils bring expected gains in speed and torque output, but likely at the expense of efficiency. The motor is capable of handling this higher rotational velocity; the first hard limit is at 15000 rpm,
at which point the relays are unable to switch faster (on average) than 1
ms, according to their data sheet.
While running the motor, it is evident that there is some vibration,
which represents a loss in efficiency. This could be improved by procuring
a straighter, more balanced axle, and creating a tighter fit between it and
the inner ring of the bearings. The bearings should also be secured to
their seats to ensure that they do not move.
Perhaps the most interesting improvement would be to replace the
relays with custom-made H-bridges. These were attempted in the earlier iterations, but proved to be more difficult than anticipated. A solidstate design made entirely of transistors could potentially be faster than
relays, allowing for higher switching frequencies.
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With more time and money, this motor could be improved with higher
power supplies, better relays, lower-friction bearings, and more optimal
electromagnet cores. At the extreme end, air resistance could be negated
in a vacuum and vibration dampening systems could be employed.
6.3 Measurement Errors
The torque measurement involved the motor winding up a cord, so presumably the effective radius for the torque calculation changes as more
cord is wound up. This was not accounted for, and causes our torque
and efficiency values to be lower than in reality.
Current measurements could not be made while the motor was running.
The current displayed by the power supply was deemed incorrect, as the
efficiency result using those numbers is an order of magnitude larger
than expected (and, according to those numbers, the relays burnt out
at values well below their rating). The numbers used in our calculations
represent a maximum bound on the current, measured by running all
the coils directly and without switching circuitry. The actual average
current in through the electromagnets was lower due to both the resistive effects of inductance and the theoretical 70%–80% duty cycle of
the relays when switching at high speeds. Using a better upper bound,
the calculated efficiency is about 37% higher than what is shown by the
calculations above (see Appendix B).
The rotational speed was measured using the strobe light with increments of 4 rpm. A strobe just below the motor’s rpm produces an
apparition effect moving slowly in the same direction as the axle, while
a strobe just above produces an apparition in the reverse direction. The
strobe measurements thus have an intrinsic error of ±4 rpm.
6.4 The Big Picture
Electric motors are critical to modern society, seeing use in such varied
fields as medical devices, consumer electronics, power tools, children’s
toys, the automotive sector, space exploration and aeronautics. Though
the challenges encountered in real-world development of motors are
dissimilar to ours, this project did serve to demystify what goes on
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inside an electric motor and bring them into the realm of comprehension. And even though this project certainly wasn’t on the cutting edge
of technology, engineers around the world continue to push the envelope
on motor development—looking for incredible power-to-weight ratios,
99.9% efficiency, or practical motors the size of a pinhead. Electric motors
will remain relevant for the foreseeable future, and innovation will
never cease.
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8 Appendices
8.1 Appendix A: Specifications
Top Speed: 5526 rpm
Starting Torque: 0.04652 Nm
Dynamic Torque: 0.017 Nm
Power: 2.49 W
Efficiency: 2.1%
8.2 Appendix B: Upper Bound on Current
The power supply display could not be trusted for accurate or even useful current readings when the motor was active. An upper bound at
any desired voltage was obtained by connecting three coils in parallel
directly to the power supply, and used in the calculations in the results
section. However, a better upper bound can theoretically be obtained
by approximating a duty cycle for the relay (an Axicom IM04NS), by
comparing the period of the relay switches to the switching and bounce
times, known from the data sheet to each be 1 ms. It is assumed that the
relay is disconnected for 50% of the sum of its relay and bounce times,
for a total downtime of 1 ms per switch. At the high-ish speed of 4000
rpm, a 73% duty cycle turns the measured upper bound of 2.92 A to an
upper bound of 2.14 A.
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Period = 1/4000 min/rev ÷ (4 relay switches/rev) * 60,000 ms/min =
						
3.75 ms/switch
Uptime = 3.75 ms / switch - 1 ms / switch = 2.75 ms / switch
Duty = 2.75 ms / switch ÷ 3.75 ms / switch = 73.3%
Current = 2.92 A * 73.3% = 2.14
8.3 Appendix C: Torque and Efficiency Measurement

Figure 12: Output from the motion sensor module of the Vernier LabQuest suite.
Relevant data is from 1 to 1.2 seconds, after which swinging in the hanging mass
produces inexplicable data.
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Figure 13: Photograph of measurement setup. The device on the floor is the motion
sensor. The weight consists of a physics-lab style hanging mass with a D-cell battery
and a piece of cardboard taped to it. The cardboard eases detection by the motion
sensor at the expense of additional, unaccounted-for air resistance.
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8.4 Appendix D: Graphs of RPM at Varying Voltages
A controlled run was performed with voltage increasing from 3 V
to 33 V. Rotational speed measurements were taken every 3 V using
the strobe light. A measured upper bound is supplied for current (see
Measurement Errors).
Potential

Speed

Max Current

3.0 V

1284 rpm

0.40 A

6.0 V

1404 rpm

0.81 A

9.0 V

1884 rpm

1.22 A

12.0 V

2664 rpm

1.61 A

15.0 V

3072 rpm

2.01 A

18.0 V

3552 rpm

2.43 A

21.0 V

3960 rpm

2.81 A

24.0 V

4176 rpm

3.22 A

27.0 V

4524 rpm

3.6 A

30.0 V

4824 rpm

3.97 A

33.0 V

4932 rpm

4.36 A

Figure 14: Raw data from controlled run.

Figure 15: Multiplot of raw data.
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Figure 16: Rotational speed against upper bound of input power. A LOESS fitting
curve is drawn.
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8.5 Additional Media

Figure 17: An overview of the final running setup.

A video of the motor reaching 5526 can be found at
http://www.youtube.com/watch?v=SDdCFSfj9kc.
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