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Chapter 1

Engineering Book Introduction

Much of our modern society depends on engineered artifacts to function, but many mem-
bers of modern society are not aware of the engineering techniques and practices that have
developed the technology and infrastructure on which we rely. iPods, cell phones, airplanes,
bridges, buildings, vehicles, computers, etc. are designed and created by engineers. This
textbook introduces engineering techniques and practices to high school students. The goals
of this book are to help students gain an appreciation for engineering and its role throughout
human history, understand what engineers do, understand the skills and processes engineers
bring to their work, and appreciate how the work of engineers shapes and is shaped by
their society. The authors hope that this book may inspire students to pursue a career in
engineering.

This book is a Flexbook-an open-source book developed with the support of and within
the context of CK-12’s mission; the Flexbook format allows the book to be customized
for multiple audiences. This engineering text is a living document that can be updated,
expanded, and repurposed as necessary to support specific standards and classroom needs.

The text is written to meet draft ASEE K-12 standards for engineering. Each chapter
corresponds to an outcome in the draft standard. While the standards have not yet been
finalized and formally adopted, the Flexbook format allows the text to evolve in response to
changes in the standards, so that the text’s content and structure will fully support them.

The text was collaboratively written by university engineering and education faculty mem-
bers at Arizona State University. The text currently has four content chapters that cover
the nature of engineering, engineering and society, engineering design, and the connection
between engineering, science, and mathematics.

The authors are grateful to CK-12 for providing the infrastructure and support that has
made this text book possible. We see this book as a seed, and hope that it becomes a
starting point on which others can build.
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Chapter 2

Nature of Engineering

2.1 About This Chapter

This chapter explores the nature of engineering. As you read this chapter, you will discover:
what engineers do; some of the skills needed to be an engineer; various types of engineering
careers and specializations; the educational requirements to be an engineer; licensure of
engineers; the impact engineering has had on society; and some possible scenarios for the
future of engineering.

Chapter Learning Objectives

After working through this chapter, you should be able to

o describe what engineers do,
 describe the education and skills necessary for engineering,
o describe the impact of engineering on society.

2.2 Discovering Engineering

Who are engineers and what do they do? Why are the activities of engineers important? In
this section, we will begin to discover some answers to these questions.

Some Practicing Engineers
Activity
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What do you already know about engineering and engineers? Imagine an engineer
at work. (You might want to get out a paper and something to write with.)
What does the engineer look like? What is the engineering wearing? Where is
the engineer working, and what are they doing? What does the engineer spend
most of the day doing? What sorts of tools is the engineer using to help with
their work? Is the engineer working alone or with others?

Capture your ideas by making a list of your answers to the questions above, or by
drawing a picture of the engineer that you are imagining. When you are finished
share your drawing or list with someone else. How are your lists or pictures
similar? How are they different?

Continue imagining your engineer and add to your drawing or list. What sort
of education does your engineer have? What sorts of classes did they take in
college?” What does the engineer do very well, and what does the engineer not do
well? Does your engineer have an area of specialization? If so, what? How much
money does your engineer make in a given year? Now share the expanded version
of your engineer with someone else, and once again discuss the similarities and
differences.

As we progress though the chapter, we will check to see if your ideas change.

Now that you have envisioned an engineer, let us look at some real-life profiles of practicing
engineers. As you read each profile, note the attributes that you included in your picture or
list and make a new list of the attributes that differ from your picture or list.

Profile 1. Ashley is in charge of product development and support for a large electronics
product company in the Pacific Northwest. She manages two engineering teams. She is 39
years old and likes living in the Pacific Northwest because of the outdoor activities such as
hiking and camping. The members of her engineering teams live in other cities and most
of them live outside the United States in countries that include India, China, Sri Lanka,
and Malaysia. Each location has some particular engineering advantage. For example, the
United States is the best place to design products and manage product development and
support; India has a very good system to support technology development and it is less
expensive to develop software there; China was selected as the best place to manufacture
computer chips; and Malaysia and Sri Lanka were selected to manufacture and assemble the
rest of the products.

Most days Ashley works out of her home. Because her engineering team members are
located all over the world, she must be available to communicate with them 24 hours a day
or whenever a problem arises. To aid this global communication, Ashley’s computer sounds
a bell any time one of her team members sends important email or needs to talk with her
directly. Since she is available 24 hours a day, her daily routine is very flexible. Ashley can
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Figure 2.1: One of Ashley’s projects might include developing components that will be part of
a satellite antenna system such as this one at the Cryptologic Operations Center in Misawa,
Japan.

usually choose her own work schedule, except when she has scheduled meetings or urgent
communication demands, which might be only two or three times each week. Sometimes she
spends the morning working in her garden after handling some of her morning communication
(the bell also rings outside), and she also takes a break to paint most afternoons. Ashley
travels to each of the team member locations one or two times each year.

Ashley’s most important tools are her computer and her mobile phone. She has excellent
communication skills and knows how to relate to the different cultures of her team members.
Ashley also has a broad knowledge of electronic product systems. Although she is not an
expert in any of the individual components, she understands how each of the components
works together (Figure 1).

Ashley was in college for four and one-half years studying for her engineering degree. She
spent the first year at a community college before transferring to a university. Ashley liked
math in high school but did not settle on an engineering major until she was in her junior
year of college and had to use math to analyze and design an electronics project. Her favorite
courses were those that explained how electronic devices worked. Ashley earned $90,000 in
2006.

Profile 2. Tyson loved cars and motorcycles since he was very young; he began working
on them while he was still too young to drive. His dream has always been to design cars
and motorcycles. When he graduated from high school he found that his high school grades,
and especially his math background, were not good enough to be admitted to a university
engineering program. He worked while taking evening courses at a community college for
two years before transferring into a university engineering program. Tyson found his physics
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courses interesting, but struggled with math. Tyson studied engineering for another four
years before he graduated with an engineering degree. In school, he learned that there were
very few job opportunities to actually design cars and motorcycles. However, Tyson had
done a senior project using a rapid prototyping (RP) machine. The RP machine could
automatically build almost any part that Tyson could design on a computer. He learned to
create many different types of part designs on the computer using what is called computer-
aided design (CAD) software. With this software Tyson could make dimensional drawings,
and he spent many extra hours in the lab designing and using the RP machine to make
his designs (Figure 2). After graduation, he took a job in Texas with a rapid prototyping
company. Soon Tyson found that the rapid prototyping technology could be used to make
expensive specialty parts, and he began working with motorcycle designers in Italy and
Spain. He also found a NASCAR racing team that needed custom parts and worked with
their designers.

Figure 2.2: This piston assembly was designed using CAD software similar to the one Tyson
used.

After eight years, Tyson decided to start his own company designing and producing high-end
custom motorcycle and car parts. He now lives in California and owns two sports cars and
a motorcycle. Tyson, 43, earned $285,000 in 2006. He travels out of town and out of the
country two or three times a month. His most important tools are his computer that has
very good CAD software and his mobile communication system. Tyson enjoys listening to
his music collection while he works.

www.ck12.org 12


http://www.ck12.org

Profile 3. Raji’s childhood dream was to be a dolphin trainer. She really loved biology
and chemistry classes in high school, but was undecided about her college major. A guest
speaker in her high school biology class described how engineers were combining biology and
technology to develop new technologies that could one day help blind people see; the speaker
encouraged Raji to consider an engineering career. With her good grades, she received a
college scholarship that paid for her tuition, room and board.

Figure 2.3: Bioengineers help design prosthetic limbs that allow amputees to live a more
active life.

Raji earned a bioengineering degree in four years, and her favorite courses were those that
included time in the bioengineering labs. In her junior year of college, because of her good
grades and careful lab work, she received an invitation to work with a team of students and
professors on a research project designing prosthetic limbs for amputees (Figure 3). Raji
found that she really liked research. After graduating with a bachelor’s degree, she decided
to go to graduate school for a PhD. Raji, now 28, will complete her PhD degree next year and
hopes to work for a bioengineering company as a research engineer. She has also considered
teaching at a university. Raji likes to ski and plans to begin scuba diving. Maybe Raji will
finally get to swim with the dolphins.

Profile 4. Xaio grew up in Taiwan and studied many hours every day while in high school
so he would be accepted into a regional college. He was very interested in how computers
work and wanted to learn to design them, so he studied computer engineering in college.
Xaio knew that he would be able to find a job when he finished school, but most of the
jobs for computer engineers in his home region did not pay as well as similar jobs in other
countries. In fact, some of the job opportunities in other countries paid more money in one
year than Xaio’s family made in ten years. However, such a high paying job would require a
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master’s degree from a good school in another country, and that would be expensive. Xaio
applied to schools in the United States and in Great Britain and was accepted to a good
school in the United States, where he finished a master’s degree in computer engineering in
two years.
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Figure 2.4: Designing one of the integrated circuits on this circuit board for an Apple iPod
Sport is a project that Xaio might work on
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Xaio has been working for an electronics design company in the United States for five years.
Because of his knowledge of Taiwanese culture and language, and his knowledge of electronics
design, the design company trained him in microelectronics manufacturing and testing.
Now Xaio is a team leader for manufacturing some of the company’s designs that are being
made in Taiwan (Figure 4). He travels to Taiwan about four times a year. His hobbies
include tennis and ballroom dancing. Xaio made $85,000 in 2006.

Profile 5. Glenn had many interests growing up; he played on a soccer team for several
years, and played trumpet in his grade school and junior high bands. In high school, he was
good at math and science, but he also enjoyed playing trumpet in the marching band and
competing on the swim team. As a junior in high school, he had a very difficult time deciding
what his college major should be; he liked many different things, and was not sure which
he wanted to pursue. Several of his teachers suggested that he consider engineering, and
after visits to several colleges, he decided electrical engineering appealed to him. He started
as a college freshman in electrical engineering. One year later, he decided that mechanical
engineering was a better fit for his interests; he switched to mechanical engineering and
graduated with a B+ grade average three and one-half years later.
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After graduation, he was hired by a large aerospace company whose primary business is
Department of Defense contracts. The company provided a one-year training period in
which he rotated through several different divisions of the company and became familiar
with the different product lines within the company. Now he works as a member of a large
team updating engine and transmission designs for a military helicopter. He enjoys the
technical challenges of his job. He plans to improve his technical expertise by starting a
masters program in the next few years. He believes that this will help him move into a team
leadership position.

Engineering Is Diverse and Global

Now that you have read the profiles of several different engineers and made a list of their at-
tributes, have any of your original ideas about engineers changed? What have you discovered
about engineers and engineering?

Hopefully, you have noticed that engineers are as diverse as the types of careers they pursue.
They are women and men, young and old. They are consultants, teachers, and technical
sales representatives. They work for small companies and large companies. Many start their
own companies. They work in industrial plants and research labs. Some engineers work in
an office; some work in production and manufacturing facilities; others spend most of their
time working outdoors. And some engineers do a great deal of travel.

Engineers need a college degree, and many choose to acquire advanced specialization by
pursuing a master’s or PhD degree. Others choose to pursue an engineering degree because
it provides them with both a solid technical background and strong critical thinking skills
that support them in other fields such as law, medicine, business, and public service.

You may have also noticed that engineers can make a good income, that they often work in
teams, and that those teams are composed of people from around the world. In the past ten
years engineering has become a global career.

Activity

(For this exercise you need access to the Internet or a library.) Approximately
75,000 students graduated from engineering colleges in the United States follow-
ing the 2005-2006 academic year. See if you can find out how many engineering
graduates there were from other countries. Which countries have the most engi-
neering graduates? Can you guess why?

Review Questions
The following questions will help you assess your understanding of the Discovering Engineer-

ing Section. There may be one, two, three or even four correct answers to each question. To
demonstrate your understanding, you should find all of the correct answers.
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1. Communication skills

(a) are as important for engineers as technical skills

(b) are not important or necessary for engineers
(c¢) will help you manage your team
(d) none of the above

2. An engineering degree

(a) limits your career choices to specialized engineering fields

(b) provides technical background for careers in many fields

(c) allows you to work in a variety of settings and around the world
(d) provides both a general technical background and a specialization

3. Engineering work is performed

(a) mainly in the United States

(b) mainly in Europe

(¢) in countries around the world

(d) by teams of engineers distributed in many countries

4. Engineers

(a) have no interests outside of engineering
(b) have many interests outside of engineering
(c) all love nature and being outdoors

(d) drive fast cars

Review Answers

Discovering Engineering

1. a,c
2. b,e,d
3. ¢,d
4. b

2.3 What Makes an Engineer?

Engineers solve problems using math, science, and technology. They also design products
that are useful for humans. To become an engineer you need a degree in engineering that will
provide you with a broad background in math, science, and technology, as engineers use these
skills to solve problems on a daily basis. Besides the broad background, engineering students
also choose a specialization in some branch of engineering. Engineers in each branch have
knowledge and skills that can be applied to many fields and can contribute to solving many
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different types of problems. Since many engineering projects encompass multiple problems
to solve, engineers in one field often work closely with specialists in other fields, including
scientists, other engineers, and business leaders.

Engineering Specialization

Most engineering specializations have emerged over the past 200 years as scientific knowledge
in various fields has grown. Prior to that, engineering focused primarily on the construction
of roads, bridges, canals, or military structures and devices.

Activity

To better understand the breadth of engineering specializations it is time to make
another list. This time you do not need to do any research. Simply make a list
of all of the engineering specializations or types of engineers you can think of,
and write a brief description of one of those specializations. Refer to the list
of engineering societies that represent different engineering specializations at the
end of this chapter. How many were you able to name? Are there others that
you did not write down? Was your description of the engineering specialization
similar to the description listed? You may want to spend some time reading all
of the descriptions to better understand the various engineering specializations.

Activity

Now that you are familiar with some of the different engineering specializations
and the major societies that represent engineering, let us see if you can match
an engineering design project with an engineering specialization.

An aircraft manufacturer wants to design and manufacture the world’s largest
airplane. What type of engineer(s) should they hire?

From reading the description of engineering specializations at the end of the chap-
ter, your first response might be an aerospace engineer. However, did you know
that there are miles of electrical wiring and thousands of electronic devices inside
of an airplane such as the Airbus A380 shown in Figure 57 Therefore, it might
be a good idea to hire an engineer with some knowledge of electrical systems
(perhaps an electrical engineer). We probably do not want the aircraft to break
into pieces under the weight of the hundreds of people or thousands of pounds of
cargo inside the aircraft, so it might be a good idea to hire structural engineers
or civil engineers. Today there are thousands of different materials that can be
used to manufacture products so we might want to hire engineers with specialized
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knowledge of materials (materials engineer). Pilots need to be able to operate the
very specialized equipment that controls an airplane, so you might want to hire
engineers who specialize in human-computer interaction (industrial engineer). It
might also be a good idea to hire systems engineers who have specialized knowl-
edge of how the different parts of the aircraft (mechanical, electrical, structural,
materials, human-computer interaction) fit and work together.

A 0N

Figure 2.5: The Airbus A380 is the largest commercial jetliner in the world. It can carry up
to 850 passengers in two passenger decks in the fuselage.

Enrichment Activity (Quick)

Select one of the engineer profiles in the beginning of the chapter. Write a brief
report that explains what type of engineering specialization, if any, you think the
engineer has.

Enrichment Activity (Medium)

To better understand the engineering specializations, go to the websites of one
or more or the professional societies and read about the specialization. Write a
report that describes the engineering specialization you selected.

Engineering Skills

Many employers hire engineers because of particular skills, and not because of a particu-
lar discipline, degree, or specialization. Let us explore the range of engineering skills and
educational degrees that employers look for in their employees. Job advertisements usu-
ally describe a position and list the skills, experience, and education required or desired
for the position. Engineering skills can be highly technical, and may include the ability to
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use certain types of math and science, the ability to use certain types of instruments, the
ability to operate certain types of computer programs, or the ability to apply certain areas
of specialized engineering knowledge.

Activity

At the end of the chapter you will find several engineering job advertisements
that were posted on the Internet in 2007. As you read them, you may notice
terms that are new or unfamiliar to you, particularly if the ad is describing a
specialized technical skill. You may also see terms that you do understand. Read
each of the job descriptions and requirements carefully. Make a list of the degree
requirements for each position, the experience required for each position, and
the skill requirements that you understand. Did you notice that an engineering
degree was listed as a requirement in all three ads? You might have also noticed
that none of the positions required a specific engineering specialization.

About half of all engineering job advertisements today do not require a discipline-specific
engineering degree. Rather they require an engineering degree coupled with a set of specific
skills or experience.

Two of the ads list a desired number of years of experience, and all of the ads list specific
types of experience. Below you will find one example from each of the ads.

o Ad 1: Experience in managing complex, high-profile projects.

e Ad 2: Familiarity or experience in one or more of the following areas: product devel-
opment, program management, imaging and printing.

o Ad 3: Experience in injection molding plastics

Experience is a very important qualification for most engineering jobs. Many engineering
students gain experience while they are in school through internships and/or through part-
time employment. Others gain employment experience after school and progress to new
positions as they gain more experience.

Let us now look at some of the engineering skills with which you are probably more familiar.
Did you notice that all three ads require good communication skills?

o Ad 1: Demonstrates strong communication skills by clearly documenting activities
and presenting information, technical content and ideas through spoken and written
words; listens well.

e Ad 2: Good communication skills

o Ad 3: Strong communication skills with the ability to initiate establish and maintain
positive relationships with internal and external customers. Clean, accurate, precise
work and documentation.
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Engineers must be able to communicate their ideas to others. Engineers often make presen-
tations, write technical reports, and interact with customers and other technical experts.

One of the ads uses the following words: “clean, accurate, precise work and documentation.”
Many engineers keep detailed notebooks of their work. This helps them remember how they
solved a problem, or why they chose to design a product a certain way. Do you think the
Wright Brothers kept good notes while they were trying to design the world’s first airplane?
They recorded every experiment, every failure, and every success. Sometimes engineering
notes are used to apply for patents that can be quite valuable. Sometimes engineers must
defend their designs when problems occur. Why do you think it would be important to
have engineering notes and documentation in the case of an engineering failure, such as
the collapse of a bridge or a building? One answer is that notes and documentation help
engineers find the causes of failure, which ultimately leads to improved designs. Another
answer is that good documentation can protect engineers against lawsuits.

All three ads also required good organizational skills.

o Ad 1: Defines and prioritizes realistic, specific goals; able to complete scheduled tasks
in the face of changing priorities.

o« Ad 2: Good organizational skills, multitask ability, teamwork ability a must, self-
directed

o Ad 3: Detail-oriented, strong organization skills, time management (time lines), and
deadline driven. Self-starter, motivated, and proactive.

Engineers frequently work on multiple projects simultaneously (multitasking), and most of
those projects have different tasks and corresponding deadlines. Engineers also usually work
with one or more teams simultaneously, where each team member has different skills and
responsibilities. Task deadlines are critical to the success of most projects. Sometimes
missing a deadline can cause an entire project to be cancelled, or may result in the loss of
significant revenue. For example, imagine that you are on a team designing a new video
game controller. If you do not finish the design, testing and manufacture of the product,
your company may miss the holiday season in which the majority of product sales will occur.
Or perhaps your company knows that another firm is also designing a new video game
controller and that the first company to get their product to market is likely to acquire the
most customers.

Enrichment Activity (Medium)

Look at five engineering job openings on a job posting website or in the newspaper
and list the specific qualifications of those five positions. Are there qualifications
that they all have in common?

Enrichment Activity (Medium)
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Identify one or two engineering skills from the advertisements below that interest
you, and do some research to explain the nature and details of that skill.

One ad listed the following requirement:

o Ad 1: Uses a logical, systematic approach to solving problems through analysis and
evaluation of alternate solutions.

Engineers learn to solve problems using a careful systematic problem-solving approach. Note
that the requirement also states, “..and evaluation of alternative solutions.” Usually, there
is more than one solution to a problem.

Activity

A fire has been burning in a coal mine for several years in the northeastern United
States. As shown in Figures 6 and 7, the fire is completely underground; smoke
rises through cracks in the ground in some areas and the ground has collapsed in
several locations. There are many potential solutions to this problem: we could
fill the mine with water; we could try to smother the fire by cutting off oxygen;
or we could just let it burn.

There are many possible solutions to most problems, and in order to ensure the
best solution is selected it is important that engineers evaluate each and every
alternative. In the situation above, which of the solution to the mine fire do you
think would cost the most? Which solution would cause the most harm to the
environment or to the people that live in the area? Which solution is most likely
to actually put out the fire? These are the sorts of questions engineers must
answer to arrive at an optimal solution. The solution that was actually chosen
for the mine fire was to let the fire continue to burn.

Engineering Education

In 2006 there were approximately 350 engineering colleges or schools in the United States
and Canada. There are hundreds more in other countries. Most engineering colleges or
schools have multiple engineering programs that offer degrees in different engineering spe-
cializations. For example, Arizona State University (ASU) in Tempe and Mesa, Arizona,
offers the following 12 engineering and engineering technology degrees. In addition, within
many of these degrees are specialized concentrations or focus areas.

o Acrospace Engineering
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Figure 2.6: A fire in an underground coal mine in Centralia, Pennsylvania, has been burning
since 1962.

Figure 2.7: Smoke rising up through cracks in the pavement caused by the intense heat of
the fire burning below.
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» Bioengineering

e Chemical Engineering

o Civil and Environmental Engineering
o Computer Engineering

o Electrical Engineering

o Electronics Engineering Technology

« Engineering (multidisciplinary)

e Industrial Engineering

o Manufacturing Engineering Technology
e Mechanical Engineering

e Mechanical Engineering Technology

Engineering programs are usually accredited by an organization outside of the university.
Accreditation is like a stamp of approval, indicating that the engineering program has been
evaluated, and that it meets standards for a quality process, adequate resources, and an
appropriate engineering curriculum. The largest accreditation organization for engineer-
ing programs is ABET. In 2007, ABET accredited more than 2,700 different programs in
engineering, technology, applied science, and computing.

ABET requires that all engineering programs demonstrate that their students attain the
outcomes shown in Table 1. These outcomes are quite general, and are needed by almost
any engineer. In addition to these outcomes, there are specific outcomes required by each
engineering discipline. Thus, electrical engineering students must demonstrate the ability
to design complex electrical and electronic systems; mechanical engineering students must
demonstrate the ability to design and realize thermal and mechanical systems. Finally,
each engineering program may have outcomes that are specific to the program; for example,
these outcomes may address the needs of companies or industries that hire the program’s
graduates. If you study engineering in an ABET-accredited program, you will spend part of
your time pursuing each of these different outcomes.

1. an ability to apply knowledge of mathematics, science, and engineering;
an ability to design and conduct experiments, as well as to analyze and interpret data;
3. an ability to design a system, component, or process to meet desired needs within
realistic constraints such as economic, environmental, social, political, ethical, health
and safety, manufacturability, and sustainability;
an ability to function on multidisciplinary teams;
an ability to identify, formulate, and solve engineering problems;

an understanding of professional and ethical responsibility;

an ability to communicate effectively;
the broad education necessary to understand the impact of engineering solutions in a
global, economic, environmental, and societal context;

9. a recognition of the need for, and an ability to engage in life-long learning;
10. a knowledge of contemporary issues;

N
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11. an ability to use the techniques, skills, and modern engineering tools necessary for
engineering practice.

To prepare to study engineering in college, you should get a good foundation in high school
in math and science. Look at Outcome (a) in Table 1 (an ability to apply knowledge
of mathematics, science, and engineering). In most college engineering programs, students
study chemistry, physics, higher math (either calculus or discrete mathematics), and possibly
biology; so you need to be prepared to enter into college-level study in these areas. You will
be best prepared if you take high school courses in all of these areas. In addition, it is helpful
if you are ready to start calculus while in your first year in college.

Completing an engineering curriculum can be challenging and will probably require many
hours of study outside of the classroom. Most undergraduate engineering programs are
designed so that you can complete a bachelor’s degree in four years. Because they were not
well prepared in high school or do not stay on track as a full-time student, many students,
however, take five or more years to complete their degrees.

Completing an engineering degree with good grades opens up many possible gratifying career
paths. A engineering degree provides the foundation for the types of careers discussed in the
profiles in the section “Some Practicing Engineers.” Many graduates of engineering programs
also move into technical sales or engineering management positions within the first ten years
of their careers. In addition, an engineering degree provides an excellent starting point for
graduate education. Many people with a bachelor’s degree in engineering choose to pursue
a master’s degree in an engineering specialization to gain advanced and deep knowledge. A
bachelors degree in engineering also provides a good foundation for an advanced degree in
law, business, or even medicine.

Enrichment Activity (Long)

Identify two different university engineering programs, preferably at different
schools. Research the admission requirements and the classes you would be
expected to take in the first two years of the program. How many of these
courses are math, science, and engineering courses? See if you can identify the
courses in each of these areas.

Engineering Licensure

Many engineers choose to become licensed as a professional engineer (PE). While licensure
is not required for the majority of engineering careers, only licensed professionals are allowed
to offer their services to the public and sign and seal plans for the public. Some engineers
who are not required to hold a professional license choose to do so for other reasons; for
example, some do it to demonstrate that they have accomplished a recognized standard. It
may also be advantageous when seeking or changing employment opportunities, as the PE
certification sets a candidate apart from other nonlicensed engineers.
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The requirements for engineering licensure are determined by each state, and therefore vary
somewhat from state to state. Despite the variations, there is a standard process. The
first step is to graduate from an ABET-accredited engineering program. The second step is
to take the engineering fundamentals exam (FE) that covers the fundamental engineering
sciences that are studied in engineering school. The third step is to acquire experience
through employment, the criteria for which varies from state to state. The final step is to
take the engineering professional examination.

Review Questions

The following questions will help you assess your understanding of the Discovering Engineer-
ing section. There may be one, two, three, or even four correct answers to each question. To
demonstrate your understanding, you should find all of the correct answers.

1. Engineers often work closely with

(a) other engineers
(b) business people
(c) teachers

(d) the public

2. In the past 200 years, engineers have specialized because

(a) there were too many people in one field of engineering
(b) the space program needed more inventions

(c) knowledge of science and technology has increased

(d) they could make more money as a specialist

3. If you were an aircraft manufacturer which engineers would you need to hire?

(a) Structural
(b) Electrical
(c) Aerospace
(d) Material

4. An engineering skill is

(a) the same as an engineering specialty or discipline

(b) the ability to use certain kinds of instruments

(c) the degrees you have earned such as a master’s degree

(d) the number of years you have worked at an engineering firm

5. Engineering experience can be gained by

(a) taking extra courses

(b) reading outside of class

(c) taking things apart at home
(d) internships
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6. Engineers use their communication skills to

(a) apply for jobs

(b) make presentations

(c) interact with customers
(d) ask for a raise

7. Engineers keep a notebook to document their work so that they have

(a) data to gain a patent

(b) data for lawsuit

(c) information to review their designs when problems occur
(d) data to prove hours worked

8. Engineers work

(a) only in very large companies
(b) only with other engineers
(c) almost always alone

(d) in one or more teams

9. Engineering teams consist of engineers with different
(a) responsibilities
(b) skills
(c) designs
(d) deadlines

10. Engineering problems have

(a) one best solution

(b) partial solutions

(¢) more than one solution
(d) complex solutions

11. Engineering programs are accredited by an organization called
(a) ENGG
(b) ASU
(c) NSF
(d) ABET
12. Students in engineering programs must have

(a) an understanding of professional and ethical responsibility
(b) knowledge of contemporary issues

(c) a broad education

(d) ability to engage in lifelong learning

13. Most engineering societies

(a) help engineers find employment
(b) have a strong educational component
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(c) require advanced degrees for membership
(d) are sponsored by businesses

14. A well-prepared student who studies engineering full time will take

(a) as little as two years to complete a degree
(b) five plus years to complete a degree

(c) six years to complete a degree

(d) four to five years to complete a degree

15. Calculus is important to engineering. Students who do not take calculus in high school

(a) can never become an engineer

(b) should take calculus in their first year of college
(c) can skip calculus if they have taken algebra

(d) can substitute physics for calculus

16. Courses in an engineering major may include
(a) calculus
(b) physics
(¢) chemistry
(d) biology

Review Answers

What Makes an Engineer?

a,b

XN DO W
o

el e el
OOtk W= o ©
» T T Y A0 P
on on o
o o
[oR [oR

27 www.ckl2.org


http://www.ck12.org

2.4 The Global and Societal Impact of Engineering

Engineering has had an impact on all aspects of society. Look around you and notice all of
the things that have been made by humans. Through designing, manufacturing, testing, or
selling, an engineer probably had something to do with most of these human-made items.

Great Engineering Achievements
Activity

Can you think of some great engineering achievements? Take a few moments to
make a list of some of the most important things engineers have developed. It
might help to think of things that have changed the way that people live. For
example, a century ago people relied on candles and lanterns for light. How has
this changed? When you are finished making a list, share it with someone else and
find out what they think are the most important engineering accomplishments.

Now that you have a list of great engineering achievements, see what others
have identified as the most important accomplishments of this century. In the
following, you will find several figures, each representing a significant engineering
accomplishment of the twentieth century. Look at each figure carefully and try
to determine what engineering accomplishment it represents. Check to see if
you have the accomplishment on your list. If it is not there, add it. Each
accomplishment is briefly discussed after the figure.

The National Academy of Engineering (NAE) has identified the top twenty engineering
achievements of the twentieth century. The NAE has created a webpage (http://www.
greatachievements.org/) which describes these achievements and the impacts that these
achievements have in the everyday lives of people. Many of these achievements are so com-
monly used in our society that we take them for granted. We describe ten of the twenty
achievements; the other ten achievements can be found at the NAE webpage.

Figure 8, showing the bright lights of the Pudong New Area in Shanghai, China, and Figure
9, showing lights visible from space at night, represent electrification. Electrification is the
process of making electricity available to large numbers of people. We use electricity not
only for light, but also to power machinery, instruments, and appliances. How many electric
or battery powered devices do you use in a day? Without electrification, we would not have
any of these devices today.

Figure 10 shows a rather high-tech looking automobile. The first cars produced in the United
States were sold in 1901, primarily as novelties to the wealthy. However, by 1920 automobiles
were mass-produced. Prior to the automobile people worked close to where they lived; one
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Figure 2.8: The skyline of the Pudong New Area in Shanghai, China at night.

Figure 2.9: The lights of major cities around the world are visible from space at night.
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Figure 2.10: A Toyota concept car.

had to live in the city in order to work in the city, as the largest distance that it was practical
to travel regularly was only a few miles. A farm or a factory that was not close to a city
could not easily transport goods to market. Thus the automobile is credited with freeing
people from the limitations of geography and with greatly contributing to raising incomes
and wealth.

Figure 2.11: A high flying jet aircraft leaves contrails in the sky. A contrail is the white
streak (or cloud) formed behind a high-flying aircraft’s engines.
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Figure 11 shows a jet aircraft and its contrails as it flies high in the sky. Airplanes further
freed people from the constraints of geography by making rapid long-distance travel possible.
Airplanes are also responsible for advancing a global economy.

Figure 2.12: Clean drinking water flowing from a faucet.

Figure 12 shows a water faucet, and represents the supply and distribution of clean water.
Clean water has had a significant impact on human life. During the 1700s and 1800s,
thousands of people died from diseases including cholera, typhus, and waterborne typhoid
fever, and thousands upon thousands became ill. A clean water supply and good distribution
not only improved health, but also contributed to the growth of new cities, the development
of hydropower, the improvement of crop growth, and the availability of water recreation.
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Figure 2.13: An electronics workbench.

Figure 13 shows an electronics workshop. Our world is filled with electronic devices, includ-
ing computers, mobile phones, music players, cameras, calculators, ATMs, and televisions
to name a few. We use electronics for communication, entertainment, manufacturing, to
diagnose disease, to help us drive our cars, and for thousands of everyday activities.

Figure 2.14: A television that was manufactured in 1953.

Figure 14 shows an early television, manufactured in 1953. Radio and television are elec-
tronic devices that deserve special attention because of their impact on the way news and

www.ck12.org 32


http://www.ck12.org

information are communicated. Prior to the development of these technologies, news and
information traveled slowly, through written forms of communication. Today, the television
allows people to view world events in real time. With its hundreds of channels, people can
also experience other lands and cultures and be entertained.

Figure 2.15: An irrigation system waters growing cotton plants.

Figure 15 shows an irrigation system for a large farm, and represents agricultural mech-
anization (the development of machines that help farmers produce crops). Prior to the
development of farm equipment, farmers relied on animals to help them plow their fields.
The planting, watering, and harvesting of crops was all done by hand. The amount of work
required to produce crops limited the crops that individual farmers could grow. This also
meant that many people were employed in farming and many families grew their own pro-
duce. Machines made it possible for a single farmer to produce larger quantities of crops, as
well as a more consistent quality of crops. This, in turn, provided greater supplies of food
for society, and reduced its cost.

Figure 16 shows an early computer. Computers change the way we communicate. Computers
help us write; this chapter has been written, formatted, and distributed by computer. In
engineering and science they perform complex computations; there are many problems, such
as weather prediction, that require billions of computations. Without computers, we could
not do these complex calculations. Computers are also used to control machines. Computers
help guide and fly airplanes; they control the engine in your car. Computers can store vast
amounts of information that is readily available, and they connect us to the world through the
Internet. Computers facilitate learning, and provide us with a great source of entertainment.

Figure 17 shows a woman drinking water through a filtration straw, and represents an
example of healthcare technology. The specialized straw is capable of filtering harmful
bacteria and parasites from polluted water supplies. In the past decades, there have been
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Figure 2.16: An HB85B computer, manufactured in the early 1980s.

numerous healthcare technologies developed that have decreased mortality rates, increased
life spans, and contributed to a better quality of life. These technologies include advanced
surgical techniques, artificial organs, instruments that can diagnose ailments, and preventive
healthcare devices.

Figure 18 may be the most difficult to discern. The picture shows the side of a large building
with air-conditioning units on many windows. Air-conditioning was originally developed to
help cool manufacturing processes. In the mid-1900s, home air-conditioning was developed,
fueling an explosive growth in Sunbelt cities such as Las Vegas, Houston, and Phoenix. Air-
conditioning has changed our work environments, permitting us to work in greater comfort.
It has also shifted the patterns of seasonal work and play.

The ten other great engineering accomplishments of the twentieth century identified by
the NAE include highways, spacecraft, the Internet, imaging, household appliances, health
technologies, petroleum and petrochemical technologies, laser and fiber optics, nuclear tech-
nologies, and high-performance materials.

Enrichment Activity (Medium)

Write a brief report about one of the great engineering achievements of the twen-
tieth century from the list earlier in this chapter. Give some specific examples of
how the achievement has changed the way that people live and explain why the
achievement is important.
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Figure 2.17: The LifeStraw is a water purification device designed to filter bacteria out of
water and is powered by suction. Water is passed through an iodine-coated bead chamber
that kills bacteria and parasites. It costs around $3.75 and can last for a total of 700 liters
of water.

35 www.ckl2.org


http://www.ck12.org

Figure 2.18: Walls of apartment buildings.
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Figure 2.19: Before the telegraph, telephone and automobile, messages were sent by horse-
back. This figure shows the official seal of the Post Office Department, the predecessor of
the United States Postal Service.
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The Impact of Engineering

To understand the impact of engineering on society we can imagine how people lived 100
years ago before these technologies existed. For example, how did people communicate
without telephones and the Internet? The primary method of long-distance communication
was letters. While letters are a wonderful means of communication, they take time to write
and even more time to be delivered. If the distance between sender and recipient was great,
it may have taken months to deliver a letter via Pony Express (Figure 19).

Advancements in communication have also helped change the way many companies work
today. Remember the profile of Ashley, our first engineer? Ashley works at home managing
two engineering teams from across the world. That would not have been possible with
letters. Engineering solutions have continually improved the quality of life, added business
value, and significantly influenced the global economy.

Engineering has both intended and unintended consequences. For example, air-conditioning
makes comfortable life possible in much of southern United States. However, sometimes
the unintended consequences of new technologies can be negative. About a decade ago,
scientists discovered that Freon and similar gasses used in air conditioners were contributing
to damage to the Earth’s protective ozone layer. As a result, new gasses and technology
had to be developed. Consider as well the impact on culture from air conditioners. Prior to
air-conditioning, many people sat on their front porch in the evenings, in part because their
homes were too hot. Also, people often had very high ceilings—a design intended to help
with home cooling.

Another example of unintended consequences is several years ago a company developed corn
seeds that were highly resistant to weed killers and insects so that farmers would not need to
spray poisons on their fields. An unintended consequence was that the new type of corn seed,
after it had been growing for several years, started growing in fields where it had not been
planted. Farmers tried to kill the unwanted corn plants but were unable to do it because
the corn was resistant to the poisons.

The Future of Engineering

It is very difficult to predict the future of engineering, but engineers attempt this whenever
they design new products. Engineers try to determine what people will want and need—both
now and in the future—and then they design things to fulfill those wants and needs.

While we do not know exactly what will happen in the future, we can examine some possible
scenarios. Consider natural catastrophes. There have been many significant catastrophes in
the past decade including powerful hurricanes, earthquakes, and tsunamis that have killed
hundreds of thousands of people and destroyed a great deal of property. If we go back further
in the history of the world we also find that major volcanic eruptions and rare collisions with
meteorites have impacted the entire planet. Engineers are working on ways to protect people
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and property from these disasters as well as ways to predict and respond rapidly to these
types of disasters.

Figure 2.20: Percentage of adults (ages 15-49) in Africa infected with the HIV/AIDS virus
in 1999. Percentage of adults (ages 15-49) in Africa infected with the HIV/AIDS virus in
1999. The countries highlighted in light colors had less than 2% infected, while the countries
highlighted in dark colors had over % and up to % infected. Grey countries had no data
available.

Another threat to people’s well being comes from disease. Between 1300 and 1500, the
bubonic plague killed between one-third and one-half of Europe’s population. Later, cholera
killed large numbers as well. Today, these diseases have been largely eradicated in the
developed world through engineering of clean water and sanitation systems. However, the
world currently faces an AIDS epidemic (Figure 20), and there are likely to be new disease
threats in the future. Engineers will work with scientists, governments, and health workers
to develop and implement technologies that will prevent and respond to these threats.

Another certain need that will be met by engineering is energy. Because all people in the
world need energy, the world production and use of energy is growing at a rapid pace. You
might recall that both electrification and the automobile were listed as great engineering
achievements of the twentieth century. Fossil fuels, the source of energy used most often
to produce electricity and to power automobiles, also causes pollution and contributes to
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global warming. Also, supplies of fossil fuels are limited and becoming more expensive.
Some wonder if the world can sustain the current energy growth and consumption patterns.
With only a few countries owning the majority of energy resources, there is further concern
about the supply of energy at prices that most people can afford. Engineers and scientists
are working on developing new energy technologies for the future.

Some emerging trends in engineering are in the areas of biotechnology and nanotechnology.
In the area of biotechnology, engineers are working on designs that impact the human body,
animals, and plant life. Engineers and scientist are working on technologies to help the
blind to see, the hearing impaired to hear, and the disabled to walk. Biotechnology has also
opened the possibility of controversial areas such as cloning. Engineers are also working with
scientist to develop crops and processes that can be used as fuels for energy.

Nanotechnology refers to the development of products and components that are very small,
typically between 1 and 100 nanometers. A nanometer is 1 x 10~ meters. A nanometer is
so small that it takes a very powerful microscope to see an object of that size. While the
area of nanotechnology is very new, it shows promise to provide new technologies ranging
from lighter and stronger materials to nanorobots that can repair individual cells to new
treatments for cancer.

Enrichment Activity (Long)

Envision the future by designing and drawing a picture of a new product. Explain
what need or purpose the new design is fulfilling. Ask others to review your design
and give you some feedback. Then use the feedback to redesign your product.

Review Questions

The following questions will help you assess your understanding of the Discovering Engineer-
ing Section. There may be one, two, three or even four correct answers to each question. To
demonstrate your understanding, you should find all of the correct answers.

1. An emerging area of engineering is

(a) nanotechnology
(b) geotechnology

(c) aerotechnology
(d) retrotechnology

2. Electrification is

(a) generating and distributing electricity to many different users
(b) being shocked by electricity

(c¢) powering machinery, instruments, and appliances with electricity
(d) not an important engineering accomplishment
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3. The automobile and jet airliner

(a) have freed people from the limitations of geography
(b) are both important engineering accomplishments
(c) have the same type of engines

(d) are dangerous and should be abandoned

4. Computers

(a) provide us with entertainment

(b) control machines

(c) perform complex computations
(d) store vast amounts of information

5. Air-conditioning

(a) has not had any unanticipated negative consequences
(b) contributed to damage of the Earth’s ozone layer

(c) was originally developed for use in automobiles

(d) makes life comfortable in the southern United States

6. The future of engineering is

(a) easy to predict

(b) determined by engineers trying to design things to fulfill peoples wants and needs
(c) tied to energy production

(d) not affected by natural disasters

Review Answers

The Global and Societal Impact of Engineering
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2.5 Conclusion

In this chapter we have explored the nature of engineering through the profiles of several
practicing engineers, through engineering job advertisements, and through some of the great
accomplishments of engineers. We have explored some of the very broad sets of engineering
careers and tasks. We have also discussed the most common engineering specializations of
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today. These activities establish a foundation for understanding the impact of engineering
on our society. We have also examined several trends to help us understand the future of
engineering. And finally, we have explored the educational requirements and licensure of
engineering.

2.6 Vocabulary

Consultant A person who gives professional or expert advice.
Electronics The development and application of devices and systems involving electricity.

Global economy The international spread of trade and commerce across national bound-
aries with minimal restrictions from governments.

Microelectronics The design, development, and construction of electronic systems from
extremely small components.

Mortality rate A measure of the number of deaths in a population during a given time
period in general or due to a specific cause.

Patent The exclusive rights granted by a government to an inventor to manufacture, use,
or sell an invention for a certain number of years.

Rapid prototyping (RP) The automated construction of physical objects under com-
puter control using specialized equipment.
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2.8 Student Supplemental Resources

Engineering Job Opportunities from the Internet August
2007

Each of the following engineering job opportunities was posted on the Internet in August
2007.

Job Description 1
Engineer, Manufacturing

SPECIFIC DUTIES:

« Develops, implements and maintains methods, operation sequence and processes in the
manufacture or fabrication of parts, components, subassemblies and final assemblies.

o Interfaces with design engineering in coordinating the release of new products.

« Estimates manufacturing cost, determines time standards and makes recommendations
for tooling and process requirements of new or existing product lines.

o Maintains records and reporting systems for coordination of manufacturing operations.

OTHER REQUIREMENTS:

o Uses a logical, systematic approach to solving problems through analysis and evaluation
of alternate solutions.

« Acts in a professional manner even when dealing with time demands and/or interper-
sonal conflict.

o Maintains a flexible approach toward task scheduling.

e Demonstrates strong communication skills by clearly documenting activities and pre-
senting information, technical content and ideas through spoken and written words;
listens well.
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Follows through on tasks to completion.
Defines and prioritizes realistic, specific goals; able to complete scheduled tasks in the
face of changing priorities.

QUALIFICATIONS:

BS in Engineering plus related experience; two years for Eng; four years for Sr. Eng.
Sound knowledge of manufacturing techniques and process control.

Familiarity with the process of integrating technical designs into a production environ-
ment.

LEAN Six Sigma implementation experience.

Experience in managing complex, high profile projects.

Knowledge of SAP applications is a plus.

Job Description 2
Media R&D Engineer (Electronics Industry)
JOB DESCRIPTION

Technical position specializing in large format printing & LF Media development and
testing. This person will be responsible for R&D deliverables during the New Product
development process and also be in charge of the Large Format Image Permanence
Activity.

New Product Development is driven by cross-functional teams and requires the ability
to work cooperatively and coordinate activities across the organization. This position
will interact often with marketing, sales, manufacturing, Printer development teams,
strategic manufacturing sites, and customers, as well as other internal personnel in
conducting product and application training.

Max. 25% travel.

REQUIREMENTS/QUALIFICATIONS
Musts:

A self-motivated, success oriented, and the will to deliver against goals.
Strong team interaction ability

Strong technical skills

Familiarity or Experience in one or more of the following areas:

— Product Development
— Program Management
— Imaging and Printing
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— Image Permanence (Fade and Durability Testing)
— Imaging materials manufacturing and testing

o BS degree in an Engineering discipline.

o Large Format printing experience - large format printing, graphic production processes,
applications testing and materials selection.

« Demonstrated test development, specification establishment and troubleshooting ex-
perience.

« Intermediate computer/digital workflow skills

e Good communication skills

o Good organizational skills

o Multi-task ability

o Self-directed

o High energy

o Teamwork ability a must

Strongly Desired:

o Ability to operate large format printers is desired. Ability to develop application
relevant test methods and make recommendations for improvements is a plus.

« Demonstrated ability to work well across cultural boundaries as well as multiple geo-
graphical sites and time-zones.

Job Description 3
Eyewear Test and Development Engineer

DESCRIPTION

o Interface with Designers, Research Engineers, Manufacturing Engineers and Quality
in testing raw materials, prototypes and pre-production samples for manufacturing
process implementation and production hand-off.

o Define, track and execute testing deliverables to ensure timely test results based on
product timelines.

o Support the field-testing program which provides detailed, meaningful feedback from
real-world testing.

» Be able to identify and troubleshoot processes of experimentation, redesign experiments
accordingly, and design valid experiments to ensure ‘killer’ data.

o Identify and solve problems found through materials, product and process testing.

e Research on materials and material specifications, process technology, concepts, and
new testing equipment and methods.

o Support the research, testing and implementation of manufacturing processes and pa-
rameters with appropriate work instructions and documentation.
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o Identify critical process variables and parameters to develop and design experiments
accordingly.

« Work in R&D lab on designing and/or implementing tests on mechanical and physical
properties as well as performance properties on all related raw materials. Raw materials
include: polymers, coatings and metal alloys.

o Document all testing, results, and other information pertinent to product development.

« Responsible for Design of Experiment (DOE)

o Collect data.

e Set-up test methods.

o Take ownership and manage project from beginning to end under the direction of the
R&D manager.

» Responsible for full product testing.

REQUIREMENTS

 Degree in technical field (i.e. mechanical engineering, physics, chemistry, polymer/materials
science) and 3-5 years of related work experience OR 6-10 years related work experi-
ence with formal technical training/certification.

» Strong communication skills with the ability to initiate, establish, and maintain positive
relationships with internal and external customers.

o Experience in researching, developing and manufacturing plastics, coatings, and metal
alloys.

o Experience in injection molding plastics.

o Experience with forming, casting, injecting, coating and testing metal alloys.

o Experience in mechanical and physical testing procedures to apply results to final
decision making.

o Experience in executing field-testing during product development for ‘real world’ feed-
back.

e Requires minimal direction in executing test, experiments, test parameters, and col-
lection of data and research.

o Detail oriented, strong organization skills, time management (timelines), and deadline
driven.

o Clean, accurate, precise work and documentation.

o Self-starter, motivated and proactive.

o Natural inclination to think outside the box.

o Knowledge of statistics, mathematics, physics, and critical thinking skills.

Major Engineering Societies
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Table 2.1:

Society

Society Information

Aerospace Engineering:
http://www.aiaa.org/

American Institute of Aeronautics and As-
tronautics (AIAA)

Agricultural Engineering:
http://www.asabe.org/

American Society of Agricultural and Bio-
logical Engineers (ASABE)

Architectural Engineering:
http://content.aeinstitute.org/
inside/intro.html

Architectural Engineering Institute (AEI,
part of ASCE)
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ATAA is a leading advocate for aerospace
among government decision-makers—and a
trusted information resource for the media
on all subjects relating to aerospace technol-
ogy. Since 1972, ATAA has contributed ex-
tensive technical expertise and policy guid-
ance to Congress and the Executive Branch.
We testify before the House and Senate on
the full spectrum of aerospace issues.
ASABE is an educational and scientific or-
ganization dedicated to the advancement of
engineering applicable to agricultural, food,
and biological systems. Agricultural, food,
and biological engineers develop efficient
and environmentally sensitive methods of
producing food, fiber, timber, and renew-
able energy sources for an ever-increasing
world population.

AEI is the home for all professionals in the
building industry. They provide a multidis-
ciplinary national forum for members of but
not limited to the architectural engineering,
structural, mechanical, electrical, and archi-
tectural communities. Recognizing the ne-
cessity for a place to examine issues and
exchange views and information with one
another. AEI works to facilitate the cru-
cial communication among members of the
building team, both on a technical basis and
in the professional arena.
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Table 2.1: (continued)

Society

Society Information

Automotive Engineering:
http://www.sae.org/servlets/index
Society of Automotive Engineers (SAE)

Biomedical Engineering:
http://www.bmes.org/
Biomedical Engineering Society (BMES)

Chemical Engineering:
http://www.aiche.org/

American Institute of Chemical Engineers
(AIChE)

www.ck12.org

SAE was founded for the purpose of advanc-
ing mobility on land, sea, air, and space.
Many years ago, SAE noticed that graduat-
ing engineers were well versed in textbook
knowledge and engineering theory. Surpris-
ingly, however, college engineering curricula
provided no ways for students to gain practi-
cal experience with manufacturing and pro-
duction of their designs. Since this type of
experience is vital for success on the job,
SAE began to organize and sponsor com-
petitions which emphasize a hands-on ap-
proach to the engineering.

In response to a manifest need to provide a
society that gave equal status to represen-
tatives of both biomedical and engineering
interests, BMES was incorporated in Illinois
on February 1, 1968. The purpose of the So-
ciety is to promote the increase of biomed-
ical engineering knowledge and its utiliza-
tion.

AIChE is a nonprofit professional associ-
ation that provides leadership in advanc-
ing the chemical engineering profession.
Through its many programs and services,
AIChE helps its members access and ap-
ply the latest and most accurate technical
information; offers concise, targeted award-
winning technical publications; conducts
annual conferences to promote information
sharing and the advancement of the field;
provides opportunities for its members to
gain leadership experience and network with
their peers in industry, academia, and gov-
ernment; and offers members attractive and
affordable insurance programs.
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Table 2.1: (continued)

Society

Society Information

Civil Engineering:
http://www.asce.org/asce.cfm

American Society of Civil
(ASCE)

Engineers

Computer Engineering:
http://www.computer.org/portal/site/
ieeecs/index. jsp

IEEE Computer Society

Electrical Engineering:
http://www.ieee.org/portal/site
Institute of Electrical and Electronics Engi-
neers (IEEE)

Environmental Engineering:
http://www.aaee.net/

American Academy of Environmental Engi-
neers (AAEE)

Geological Engineering:
http://rock.geosociety.org/egd/
index.html

Geological Society of American, Engineer-
ing Geology Division
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Today’s civil engineer uses every advantage
to meet the demands of their profession.
That is why ASCE pioneers new programs,
policies, educational activities, and profes-
sional resources to help them successfully
compete in their business. That is why to-
day’s civil engineer has a home at ASCE.
The IEEE Computer Society’s vision is to
be the leading provider of technical infor-
mation, community services, and personal-
ized services to the world’s computing pro-
fessionals. The Society is dedicated to ad-
vancing the theory, practice, and applica-
tion of computer and information processing
technology.

Through its global membership, the IEEE
is a leading authority on areas ranging from
aerospace systems, computers and telecom-
munications to biomedical engineering, elec-
tric power, and consumer electronics among
others. Members rely on the IEEE as a
source of technical and professional infor-
mation, resources, and services. To foster
an interest in the engineering profession, the
IEEE also serves student members in col-
leges and universities around the world.
AAEE is dedicated to excellence in the prac-
tice of environmental engineering to ensure
the public health, safety, and welfare to en-
able humans to coexist in harmony with na-
ture.

The Engineering Geology Division promotes
education, research, outreach, and applica-
tion of engineering geologic knowledge to-
ward betterment of human society by adopt-
ing sound design of buildings, structures,
and facilities that assure public safety and
a healthy environment.
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Table 2.1: (continued)

Society

Society Information

Industrial Engineering:
iienet2.org/Default.aspx
Institute of Industrial Engineers (IIE)

http://www.

Marine Engineering:
http://www.sname.org/

Society of Naval Architects and Marine En-
gineers (SNAME)

Mechanical Engineering:
http://www.asme.org/

American Society of Mechanical Engineers
(ASME)

www.ck12.org

ITE is the world’s largest professional soci-
ety dedicated solely to the support of the
industrial engineering profession and indi-
viduals involved with improving quality and
productivity. IIE is an international, non-
profit association that provides leadership
for the application, education, training, re-
search, and development of industrial engi-
neering. IIE’s primary mission is to meet
the ever-changing needs of industrial en-
gineers, which includes undergraduate and
graduate students, engineering practitioners
and consultants in all industries, engineer-
ing managers, and engineers in education,
research, and government.

SNAME is an internationally recognized
nonprofit, technical, professional society of
individual members serving the maritime
and offshore industries and their suppliers.
SNAME is dedicated to advancing the art,
science, and practice of naval architecture,
shipbuilding, and marine engineering, en-
couraging the exchange and recording of in-
formation, sponsoring applied research, of-
fering career guidance and supporting edu-
cation, and enhancing the professional sta-
tus and integrity of its membership.
Today’s ASME promotes the art, science
and practice of mechanical and multidis-
ciplinary engineering and allied sciences
around the globe. ASME codes and stan-
dards strive to be the world leader in
mechanical and multidisciplinary engineer-
ing codes, standards, conformity assessment
programs, and related products and ser-
vices.
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Table 2.1: (continued)

Society

Society Information

Mining Engineering:
http://www.aimeny.org/

American Institute of Mining, Metallurgi-
cal, and Petroleum Engineers (AIME)

Nuclear Engineering:
http://www.ans.org/
American Nuclear Society (ANS)

Petroleum Engineering:
http://www.spe.org
Society of Petroleum Engineers (SPE)

Systems Engineering:
http://www.incose.org/
International Council on Systems Engineer-

ing (INCOSE)

The goal of AIME today is to advance
the knowledge of engineering and the arts
and sciences involved in the production and
use of minerals, metals, materials, and en-
ergy resources, while disseminating signifi-
cant developments in these areas of technol-
ogy.

ANS is a not-for-profit, international, scien-
tific and educational organization. The core
purpose of ANS is to promote the awareness
and understanding of the application of nu-
clear science and technology.

The mission of SPE is to collect, dissem-
inate, and exchange technical knowledge
concerning the exploration, development
and production of oil and gas resources, and
related technologies for the public benefit;
and to provide opportunities for profession-
als to enhance their technical and profes-
sional competence. The vision is to be a so-
ciety of professional excellence, providing its
members the highest quality lifelong learn-
ing, and continuous personal and profes-
sional growth.

INCOSE is a not-for-profit membership or-
ganization..  Its mission is to advance
the state-of-the-art and practice of sys-
tems engineering in industry, academia, and
government by promoting interdisciplinary,
scaleable approaches to produce technolog-
ically appropriate solutions that meet soci-
etal needs.
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2.9 Instructor Supplemental Resources

Standards

ASEE Draft Engineering Standards. This chapter is focused on “Dimension 3: The
Nature of Engineering” of the ASEE Corporate Members Council Draft Engineering Stan-
dards; these draft standards will serve as input to the National Academy of Engineering
process of considering engineering standards for K-12 education. This dimension includes
the following outcomes:

o Students will develop an understanding of the characteristics and broad scope of engi-
neering.
« Students will be able to be creative and innovative in their thought process and actions.

Massachusetts State Technology/Engineering High School Standards This chapter
addresses standard 1.2: “Understand that the engineering design process is used in the
solution of problems and the advancement of society. Identify examples of technologies,
objects, and processes that have been modified to advance society, and explain why and how
they were modified.”

Common Preconceptions

The following are common student preconceptions about engineering:

o Students have little to no knowledge about what engineers do, or the range of engi-
neering careers open to them.

o Students rarely know anyone who is an engineer unless that person is a relative.

o Student typically view engineering as limited to planning, designing, building, fixing
and repairing things. Engineers are typically perceived as male, but rarely female.

o All engineers are viewed as lacking social qualities.

o Most people in the United States do not recognize the role of engineers in developing
new forms of energy or drugs, or even working in space. These activities are seen as
the work of scientists.

o Most people do not realize that engineers work with scientists to create new technolo-
gies.

Image Sources

(1) http://flickr.com/photos/terenceong/2056778032/. CC-BY-SA 2.0.
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2) http://visibleearth.nasa.gov/view_rec.php?id=1438. Public Domain.

3) http://en.wikipedia.org/wiki/Image:Censign. jpg. Public Domain.

5

(2)

(3)

(4) Clean drinking water flowing from a faucet.. GNU-FDL 1.2.

(5) http://flickr.com/photos/yakobusan/273595866/. CC-BY 2.0 Generic.
(6)

6) http://commons.wikimedia.org/wiki/Image:Army_prosthetic. jpg. Public
Domain.

(7) http://en.wikipedia.org/wiki/Image:Post0ffice’21.PNG. Public Domain.

(8) http://en.wikipedia.org/wiki/Image:Cad_crank. jpg. GNU Free Documentation
License, Version 1.2.

(9) http://en.wikipedia.org/wiki/Image:Pdr_1647.jpg. Public Domain.
An HB85B computer, manufactured in the early 1980s.. GNU-FDL 1.2.
An irrigation system waters growing cotton plants.. Public domain.

http://lifestraw.wikispaces.com/. CC-BY-SA.

)
)
)
)
13) A television that was manufactured in 1953.. CC-BY-SA 2.0 Generic.
) Walls of apartment buildings.. CC-BY-SA 2.0 Generic.

) http://flickr.com/photos/peterkaminski/70278808/. Public Domain.
) An electronics workbench.. CC-BY-SA 2.0 Generic.

)

17) http://www.flickr.com/photos/synthesisstudios/194274298/. CC-BY-SA 2.0
Generic.

(18) http://en.wikipedia.org/wiki/Image:Navy-Radome. jpg. Public Domain.
(19) A Toyota concept car.. Attribution 2.0 Generic..

(20) http://commons.wikimedia.org/wiki/Image:Africa HIV-AIDS.svg. GNU-FDL
1.2.
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Chapter 3

Engineering 38; Society

3.1 About This Chapter

A characteristic of human beings is that we develop tools and technology to adapt our envi-
ronment to meet our needs. Engineers contribute to the development of many innovations
that improve life.

In this chapter, we will begin by investigating how engineers work to meet human needs; we
will describe a few of the greatest engineering accomplishments of the past and consider needs
that engineering must meet in the future. We then consider an example of how engineering
has dramatically improved health and well-being for most of the developed world: providing
clean drinking water as well as treatment for wastewater.

Chapter Learning Objectives

After working through this chapter, you should be able to

« explain the relationship between engineering and societal needs,

« explain how engineering has influenced water systems in our lives,

o describe the impact of an engineering solution related to water from an ethical view-
point.

3.2 To Engineer Is Human

Engineering is a human endeavor. Humans have engaged in engineering to meet their needs
as long as they have had needs. We invent and innovate when we are confronted with
problems, needs, and desires. Inventions exist and continue to be created to meet our needs
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Figure 3.1: The ancient pyramids are an engineering marvel. The great pyramid was the
tallest man-made structure in the world for almost four thousand years.

for daily life, such as access to water, energy, transportation, and entertainment. Petroski
(2004) said, “Making things is an activity as old as civilization, and making ever new things
is part of being human.” Our lives are permeated with technological inventions that humans
have engineered (Figure 1). Yet, the fundamental nature of engineering or what engineers do
is not everyday knowledge. For instance, many of us are unfamiliar with the basic principles
used to build the systems that deliver water, gas, or electricity to our homes.

Engineering is the design, analysis, and creation of things that are practical and useful in our
lives. At its core, engineering incorporates design. Design, simply put, is creating something
that has not existed before. Engineers help design, create or change almost everything we
encounter in our lives, including what we feel, eat, see, and hear.

In this section, we consider several different engineering achievements that have dramatically
changed the way we live today. We then consider the impact of engineering on sustainability
of natural resources, and focused briefly on one very important resource: water.

Human Needs Are Met By Engineering

To stay alive, humans and animals need only the basics of water, food, and shelter. In
addition to these basics, animals, and at times humans, too, need protection from other
animals that are predators. For the most part, however, humans today do not have to worry
about becoming food for other animals. Although we need water, food, clothes, and shelter,
not very many of us fetch water from a well or a river; grow or kill our own food; make our
own fabric and sew clothes; or, build our own homes with our own hands. We do not do
this on our own because people have invented products, tools and systems to do it for us,
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allowing us to spend productive time in other ways.

We prefer to do something other than figure out how to get clean water to our homes,
grow crops, raise poultry, make fabric and sew clothes, or construct homes. This is possible
because of all the people before us who created inventions that met their and our needs.
These inventions range from the basic technology of the plow or the wheel to today’s ad-
vanced technologies that allow us to manage and sustain our natural resources or engage in
space exploration. Human needs and wants have been met throughout time by engineering
achievements that have significantly transformed and impacted our lives, especially over the
past one hundred years.

The National Academy of Engineering (NAE) has identified the top twenty engineering
achievements of the twentieth century; these achievements are documented in the book by
Constable and Somerville (2003) and on the webpage (http://www.greatachievements.
org/) . These achievements are described in more detail in the chapter Nature of Engineering.
These achievements include many of the technologies that we use every day and may take
for granted.

One of these achievements that we will consider in more detail in this chapter is water supply
and distribution. Water is vital for our lives. When we turn on our kitchen faucet and clean
drinking water flows from the faucet, we seldom pause to think how that water got there
(Figure 2). However, delivering clean water to your home or school or office requires an
advanced system of treatment and distribution facilities. Imagine your life without indoor
plumbing. Yet, even in today’s world, there are many who live without access to running
water, toilets, bathtubs, or showers. Maintaining water quality and distributing water to
people where they live are timeless challenges. It is important to remember that water is not
merely needed for our basic survival; in today’s world water is used for many other purposes
that sustain our way of life.

Engineering Sustainability for Our Future

Current projections predict that the earth’s human population will be around 9 billion in
2050. By the year 3000 the world’s population is predicted to be double that of today’s
6.6 billion. Most of this expected increase is predicted to be concentrated in the developing
nations of Africa, Asia, and Latin America. Meeting the most basic needs of this future
population means an ever-growing stress on our environment and limited natural resources.
This means increased production and consumption of goods and services and increased de-
mand for land, energy, and materials (NRC, 1999). While the engineering achievements of
the past century have increased the standard of living in developed countries, the challenge
of the future is to alleviate poverty and raise the standard of living for all on this planet
while also sustaining our natural resources.

As we consider the engineering achievements of the past, we also need to consider their
unintended consequences on our lives and our planet. We must ask ourselves: What are
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Figure 3.2: Most people in the United States are fortunate to have safe drinking water.

the social, economic, and environmental impacts of our engineering achievements? Many
engineering decisions cannot be made without consideration of nearby natural and man-
made systems, because contemporary engineering systems can affect the environment far
into the future. There is a strong need to reduce the risk and level of unwanted disturbances
to natural resources and our man-made world associated with engineering systems.

According to the National Resource Council (NRC, 1999): “Sustainable development—the
reconciliation of society’s developmental goals with its environmental limits over the long
term—is the most recent conceptual focus linking the collective aspirations of the world’s
peoples for peace, freedom, improved living conditions, and a healthy environment.” Engi-
neers have an obligation to meet the basic needs of all humans for water, nutrition, energy,
sanitation, and health, as well as the protection of the planet’s resources, including our
cultural and natural diversity.

Water

The next section focuses on one of the basic human needs: water. Water is a common
substance. Its chemical formula of H5O is widely known. It is a life-giving natural resource.
Seventy-one percent of the earth’s surface is covered in water, most of which is salt water
(Figure 3). Water is essential to most organisms on Earth. For instance, 50 — 70% of a
human body is made up of water.

Water is one of the few substances on the planet Earth that can be found occurring naturally
in all three states: solid (ice), liquid (water), and gas (water vapor). A significant difference
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Figure 3.3: Water covers % of the Earth’s surface. This photograph of Earth’s polar ice and
oceans was taken by the Galileo space probe.
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between these states is the density of each state. (Density here refers to how close the water
molecules are to each other. The mass of water within a specific volume determines the
density of water.) The vapor state is least dense, while the liquid state is most dense; the
solid-state (ice) is less dense than the liquid state. Warm water is less dense than cold water.
Therefore, heating and cooling water affects its density.

Water is a very good solvent for many compounds. Therefore, almost no pure water exists
in nature; most water contains dissolved substances. After water falls to earth in the form
of precipitation, it dissolves substances from soil and rocks. This leads, for example, to
hard water, which is water that has magnesium and calcium dissolved in it. Next time you
buy bottled water, read the label. You may discover, to your surprise, that your pure spring
water is not merely H>O, but also contains chemicals. In fact, the label on your bottled
water may even list the chemicals and their amounts. Most water you drink has ions in it.
Those ions in the water make it acidic or basic. The pH of water is a measure of its acidity
or alkalinity; The pH index is related to the amount of free hydrogen ions in the water.

Water is a natural resource and sustaining it for future populations is a major challenge
that will require creative engineering. Water is used by industry, agriculture, and homes.
In many places in North America, people have access to all of the clean water they need.
However, there are many places in the world where water supply is limited. Most uses of
water actually decrease the quality of the water; this is true of water that is used in many
industrial processes as well as water used by humans.

Our family, our community, our culture, our geographical area, and the prevailing economy
often influence our values regarding water. For instance, if you are from an agricultural area,
where your livelihood depends on the availability of water for your agricultural needs, you
may rate the value or significance of water for your own life higher than someone whose
livelihood is built around an entertainment industry such as running a cinema multiplex.

Activity
Take a few minutes to consider the various uses for water you have encountered
in your life. Get out a pen and paper and list as many uses for water as you can.

Compare your list to someone else’s list. How are they different? What do they
have in common?

Review Questions
The following questions will help you assess your understanding of this section. There may

be one, two, three, or even four correct answers to each question. To demonstrate your
understanding, you should find all of the correct answers.

1. Technology refers to

(a) computers, software, and computer peripherals
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(b) changing the natural world to satisfy needs
(c) tools used by engineers to design systems
(d) pre-engineering courses taken in high school

. When looking at large-scale problems engineers should focus on

(a) the scientific aspects
(b) ethical aspects

(¢c) economic aspects
(d) legal aspects

. Engineering

(a) began as a twentieth-century invention
(b) has always been a human activity

(c) is a field first developed in Europe

(d) began with Alexander Graham Bell

. Engineers help design things that are

(a) practical and useful in our lives
(b) only useful to scientists

(c) too specialized to be useful

(d) not practical or economical

. One of the biggest challenges of engineering is to

(a) raise the standard of living while using natural resources

(b) keep the standard of living the same while sustaining natural resources
(c) keep the standard of living the same while using natural resources

(d) raise the standard of living while sustaining natural resources

. Engineering decisions must take into consideration

(a) internal systems
(b) natural systems
(c) man-made systems
(d) future systems

. Sustainable development is linked to

(a) basic needs

(b) freedom

(¢) nutrition

(d) world peace

. Which of these influences our values regarding water

(a) culture
(b) cost

(c) cleanliness
(d) family
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9. Engineering achievements can have

(a) mistaken consequences
(b) unrealistic consequences
(c) no consequences

(d) unintended consequences

10. When we use water we

(a) decrease its quality
(b) increase its quality
(c) do not affect its quality
(d) improve its quality

Review Answers

To Engineer Is Human
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3.3 Water and Disease: A Case Study

Do you ever wonder how diseases spread? Water serves as a carrier or transmitter of many
diseases. In fact, many of the world’s diseases are dependent on water for their transmission.
These diseases often occur in large epidemics and can be quite catastrophic. A large part
of water engineering is maintaining water quality so the water that we receive when we turn
on our kitchen faucets is potable. In addition to making water safe for drinking, water
engineering is also about transporting water from its source into our homes and to the areas
where we live.

In this section we will investigate cholera, a waterborne disease; we will learn about the
scientific problem solving that verified that cholera was transmitted by water. We will then
begin to investigate how engineers help society manage our water supply. This topic will be
expanded in later sections.
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Background Information: Cholera

Figure 3.4: Microscopic view of cholera bacteria.

Cholera is an acute intestinal infection caused by ingestion of contaminated water or food.
The infection is caused by the Vibrio cholerae bacterium (Figure 4). This bacterium typi-
cally travels through water that is contaminated by human or animal feces. Human beings
can contract cholera by ingesting water or food contaminated by the V. cholerae bacterium.
Symptoms of cholera include diarrhea, abdominal cramps, nausea, vomiting, and dehydra-
tion. As the human body does not produce lasting immunity against the cholera bacterium,
it is possible that the disease can be contracted more than once. When people die from
cholera, it is generally due to severe dehydration caused by the illness. When left untreated
cholera generally has a high mortality rate. A cholera outbreak can be widespread, causing
a large scale epidemic in which hundreds or thousands of people die.

Activity

Research and review resources on cholera epidemics on the World Wide Web. Re-
fer to encyclopedias from your school library or local library. Prepare a short list
of answers that do no exceed 200 — 300 words for each of the following questions.
You might use some of these suggested phrases for searching on the Internet:
cholera, epidemics, cholera and water, water-borne diseases, water contamina-
tion sources, water quality, water purification.

o What were some of the major cholera epidemics of the past?
o What are some of the major cholera epidemics of the present?
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o Where and under what conditions did the cholera epidemics occur?

o What role did water play in these cholera epidemics?

e How can the quality of water be maintained so the water does not get
contaminated from bacteria such as the cholera bacterium?

The 1854 Case of Cholera in London

In 1854, hundreds of people living in London died during a cholera epidemic. At that time,
very little was known about how the disease was transmitted. Many believed that people
could contract diseases such as cholera by breathing bad or foul air. It is estimated that
616 people died during this epidemic. If not for the intervention of Dr. John Snow (b.
1813-d. 1858), who carefully mapped the number of deaths that occurred around water
sources, primarily the Broad Street pump, and then worked with other officials to remove its
handle, the cholera epidemic of 1854 in London would have been more widespread. It was
later discovered that sewage was contaminating the water source for the Broad Street pump.
Preventing people from using this pump stopped the use of water from that source. This
action has been credited with greatly reducing the number of deaths during this epidemic.

Dr. Snow created the map in Figure 5. The Snow map depicted the area around the Broad
Street pump where the number of deaths is indicated by dark blocks at the homes and
establishments around the pump.

During an earlier cholera epidemic in London in 1848 and 1849, Snow had proposed the
unusual idea that cholera was caused by something that was ingested orally, rather than by
inhaling foul air. During the cholera epidemic of 1854 in London, Snow collected data by
carefully interviewing people around Broad Street who had not been infected by the water
they had been drinking. Others would cite, after Snow’s death in 1858, that the data he had
collected supporting his theory that cholera was primarily spread by sewage-contaminated
water. Dr. Snow’s research into the spread of cholera locally around the Broad Street
pump is an important lesson taught even today to epidemiology students as a model of
scientific reasoning. Dr. Snow authored a report about the cholera outbreak in the Parish
of St. James, Westminster, during the Autumn of 1854; this as well as his other works are
available online at the John Snow Archive and Research Companion website.

Today most of us know that unclean water carries bacteria that cause disease. We value
clean water. However, in the 1800s, the idea that water could carry disease was frightening
to many. During that time many people believed that catastrophic diseases such as cholera
were visitation of retribution for sinful living of the poor. Dr. Snow had to work hard
to convince the local authorities to remove the handle of the Broad Street pump. Now,
people know that cholera infection can be avoided by drinking clean water. During the
twentieth century, in the western hemisphere, incidences of cholera in the recent past are
almost nonexistent. However, it is estimated by the World Health Organization (WHO) that
in developing nations only 35% of the population have access to clean water.
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Figure 3.5: Number of deaths at 40 Broad Street. Deaths at homes are indicated by dark
lines.
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According to the WHO, the current response to cholera outbreaks tends to mostly in the
form of emergency response whenever there is an outbreak. While emergency response is very
important and prevents many deaths, it does not help prevent causes of cholera. Therefore,
one cannot emphasize enough the importance of long-term cholera prevention. Key to the
prevention of cholera and other waterborne diseases is closely related to the prevention of
water contamination and water purification. Separating sewage water from natural water
sources, treatment of sewage water, treatment of water resources, and purification of water
for storage and delivery for human consumption are key elements of such a strategy that
involve engineering solutions. In addition, medical research, personal hygiene, and public
health education will play a key role in the prevention of cholera epidemics.

Water Engineering and Management

One of our significant challenges today is to obtain water for people and for food production,
look after critical ecosystems and habitats, and deal with the variability and uncertainty
of water on our earth. Water engineers and managers need to understand the complexity
of water use and water resources management. Water for human consumption includes
engineering solutions related to water supply and sanitation; management of water treatment
and distribution systems (Figure 6); storm water, domestic wastewater, and urban drainage;
and sustainable management of water for urban and rural areas. Water for food production
includes the use of water for agricultural purposes which necessitates engineering solutions
related to planning, design, implementation, operation, and maintenance of irrigation and
drainage projects. Water for energy production includes the use of engineering solutions such
as dams for hydroelectric power. Water management is also related to engineering solutions
for uncertain events such as flooding caused by natural and human activities.

Review Questions

The following questions will help you assess your understanding of this section. There may
be one, two, three, or even four correct answers to each question. To demonstrate your
understanding, you should find all of the correct answers.

1. Water engineers are concerned with

(a) ensuring that water is drinkable

(b) drinking eight glasses of water a day
(c) transporting water to our homes

(d) marketing bottled water

2. An example of a disease caused by contaminated water is

(a) a cold
(b) colessus
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Figure 3.6: Water towers such as this one help distribute clean water to surrounding com-
munities.
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(¢) Cholera
(d) colitis

3. We can prevent waterborne diseases by

(a) washing our hands
(b) public health education
(c) vaccinations
(d) visits to the doctor
4. Water engineers look for solutions to mitigate
(a) overfishing the oceans
(b) natural flooding
(¢) building ships
(d) human caused flooding

Review Answers

Water and Disease: A Case Study

Reflection Questions

o Why do North Americans not have to worry about cholera?
o« When we travel abroad to some countries, we are advised to receive a cholera vaccina-
tion. Why is it necessary to receive a cholera vaccination?

Further Reading

 Johnson, Steven. The Ghost Map (The Story of London’s Most Terrifying Epidemic
and How It Changed Science, Cities, and the Modern World). Riverhead Books, New
York, 2006.

o Tuthill, Kathleen. “John Snow and the Broad Street Pump: On the Trail of an Epi-
demic.” Cricket, 31 (2003): 23-31. Available on the web at

e http://www.ph.ucla.edu/epi/snow/snowcricketarticle.html
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3.4 Water and Engineering

Many of the great engineering achievements beginning at the earliest times through the
present have been associated with providing a reliable water supply and with disposing of
wastewater. The Roman aqueducts that supplied Rome and other cities with drinking water
between 300 BC and AD 300 are one example of this. The sewer system in London developed
during the late 1800s is another example. Because of these engineering accomplishments,
most people in the developed world have access to safe drinking water.

In this section, we investigate the relationship between engineering and water. We first
describe the concept of water quality standards and how drinking water should meet these
standards. We then describe the techniques engineers have developed to provide potable
water and to treat wastewater so that it does not unduly pollute the environment.

Water Quality Standards

Most of us know that the water we receive from our local municipalities is treated. The
treatment of water has to follow water quality standards. In the United States, the devel-
opment of water quality standards began in the early twentieth century. Over time, these
water quality standards have evolved and have become more rigorous. Laws and regulations
such as the Clean Water Act govern water quality standards in the United States. The US
Environmental Protection Agency (EPA) has the mission of protecting human health and
the environment. The EPA has created water quality standards that define the goals for a
body of water and specify its uses. They establish criteria to protect those water uses.
They also establish requirements to protect water from pollutants.

In general, a water quality standard consists of four basic elements (EPA):

1. Designated uses of the water body (e.g., recreation, water supply, aquatic life, agricul-
ture).

2. Water quality criteria to protect designated uses (numeric pollutant concentrations
and narrative requirements).

3. An antidegradation policy to maintain and protect existing uses and high-quality wa-
ters.

4. General policies addressing implementation issues (e.g., low flows, variances, mixing
zones).

State governments are required to identify the appropriate uses for water bodies. These
uses are identified by taking into consideration the value of the water body for various uses.
The uses for a water body can include any of the following: public water supply, protection
of fish, shellfish, and wildlife, recreation, agriculture, industry, and navigation. In making
these designations, the appropriate authorities must examine whether the water body is
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suitable for the intended use. This determination is made based on the physical, chemical,
and biological characteristics of the water body, its geographical setting and scenic qualities,
and economic considerations.

Drinking Water

Figure 3.7: The city of New York monitors its drinking water to ensure that it is safe. This
sign marks the location of a station where the drinking water is sampled.

The quality of drinking water differs from one location to another. Quality is dependent on
the condition of the water source and the treatment. Each local community water supplier
is required to provide an annual report, sometimes known as a “consumer confidence report”
to the public. This report usually provides information on the quality of the local drinking
water, its source, and the contaminants found in the water (Figure 7).
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Scientists report the contaminants in water as contaminants in parts per million (ppm), parts
per billion (ppb), and parts per trillion. When water contaminant measurements are reported
in this manner, you may wonder: How can amounts of contaminants that seem so very small
cause health problems? Scientific research has shown that, for example, lead concentrations
as small as 15 ppb can be harmful to infants and children. The smell of petroleum products
in water can be detected by humans even when the amount of petroleum in water is as low
as 10 ppb.

It is very important to note that there is no such thing as naturally pure water. All water
in nature contains some sort of impurities. Since water is a good solvent, as it flows through
various layers of soil and over rocks, it dissolves minerals. These minerals in the water may
get the taste (good or bad). However, if these minerals are above a certain level, they could
be harmful.

Have you ever thought about where your drinking water comes from? Many of us take
the drinking water we get when we turn on our kitchen faucet for granted. The water in
many urban areas comes from surface sources such as lakes, rivers, and reservoirs. These
sources can be near the urban areas or far away. Water suppliers procure and treat the water
they provide. It is important to consider the entire watershed that provides the water. A
watershed is the land from which precipitation (usually rain or snow) flows into the river,
lake, or reservoir.

In many urban and rural areas, water also comes from ground water that is pumped from a
well. Wells provide water from aquifers, which are natural water reservoirs under the earth’s
surface. Aquifers may lie under parts of several states or may only be a few miles wide.
Thus, water quality is affected not only by the water source such as a river or well that we
can see, but also by activities that occur many miles away.

Before the water is delivered to our homes, the water is treated. The treatment of drinking
water that is most common is disinfection. Water suppliers add chlorine or another disinfec-
tant to kill bacteria and germs in the water. This commonplace drinking water treatment is
considered to be one of the most important scientific advancements of the twentieth century.

Activity

Common water treatment methods: Before we examine a water treatment
plant, list and describe some common ways to treat water or purify water for
drinking that you can do at home or during emergencies.

Materials needed: Internet-accessible computer, science textbooks.

Suggested phrases for searching on the Internet: Water purification at
home, Water purification during emergencies, Common water purification meth-
ods.
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Directions: Working alone or in a group, brainstorm a list of ways in which
drinking water might be bad. From your list, identify problems that might need
to be treated. Brainstorm a second list of ways to obtain good drinking water in
your home. Do any of these solve the problems identified on your first list?

Using the Internet, research news stories related to water supply and water prob-
lems in your local community. How do the results of your research compare to
your first list of potential problems with water? Are there problems that you did
not anticipate?

Research information on water purification techniques that can be used at home.
Discuss in small groups what you learned from your research. Prepare a chart
with a brief description of common water problems and the treatment /purification
methods appropriate to each problem; include a list of materials you would need
for each treatment method and illustrate each method by making your own draw-
ing.

Hints: Filtration, Boiling, Distillation, Water Softeners, Reverse Osmosis

Extensions: What will be the cost of implementing these home-based water
purification techniques if you were to need clean water for a family of four? How
would you go about determining the amount of water that you will need? What
is the most effective method in terms of removing impurities for the quantity of
water you need for a family for four for drinking/food purposes?

Water Treatment Basics

Municipalities must perform two types of water treatment: treatment of water before it is
used for drinking and other purposes, and treatment of wastewater such as sewage so that it
is safe to return to the environment. Typically, drinking water is treated based on the quality
of the source water. Ground water, for instance, usually requires less treatment than surface
water from a river or a lake. Thus, the quality of the water that enters your community
water treatment plant determines how the water will be treated prior to distribution.

Wastewater includes sewage as well as water used in industrial and agricultural processes.
It flows out of homes and neighborhoods through sewage pipes to a wastewater treatment
plant. Here, the wastewater is treated to remove solids and contaminants. The treated
wastewater may be re-used for irrigation and landscaping. The treated wastewater is also
returned to streams, rivers, and oceans, which can also be a source of pollution.

Treatment plants for drinking water and for wastewater have equipment and processes to
remove or destroy harmful materials and organisms. A treatment plant uses tanks and me-
chanical parts such as valves and pumps to move the water through the different processes.
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These processes are designed and managed by water engineers. Other engineering special-
ties, including mechanical and construction engineering, play a role in the construction and
maintenance of water treatment plants.

Drinking Water Treatment

Figure 3.8: Illustration of a typical drinking water treatment process.

Water from rivers, lakes, and streams or ground water is pumped and transported to a
drinking water treatment facility. Then the water is processed through various units to
prepare the water for distribution to homes. The water treatment involves the steps shown
in Figure 8 and described below.

Coagulation. First, dirt and other particles must be removed from the water. Flocculants
are chemicals such as alum (aluminum potassium sulfate) that cause the dirt and other
particles to stick together; flocculants are added to the water, which creates larger particles
called floc.

Sedimentation. As the water moves through the sedimentation tanks, the floc particles
settle to the bottom of the tank. The clear water then flows to a filtration unit.

Filtration. Filtration removes small particles from the water by passing it through layers
of sand, gravel and charcoal. The water then moves to disinfection before storage.

Disinfection. Water is disinfected with chlorine or other chemicals, called disinfectants, to
kill any bacteria and other harmful organisms. The amount of disinfectants added to the
water has to be carefully adjusted, because too much may be harmful to humans, but too
little will not kill the harmful organisms.
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Storage.

After disinfection, the water is stored in storage tanks until it is needed for

distribution to homes, businesses, and other water users.

Activity

What are the mechanisms that maintain water pressure during peak water usage
times in urban areas? You can easily imagine that in most urban cities, water
usage will peak during certain times of the day. Have you wondered how the
water flow rate and the pressure at which the water flows out of your home’s
faucets is maintained during the mornings when most people are preparing to
leave for school or work? This is a time when water use is high as people brush
their teeth, shower, and use water for personal hygiene.

Materials needed: Internet-accessible computer, science textbooks.

Suggested phrases for searching on the Internet: Water pressure, water
flow during peak water usage times

Directions: Research and review information on how water delivery systems or
local municipalities or your city’s water supply systems regulate water flow and
water pressure during peak times. Discuss in small groups what you learned from
your research. Prepare a brief essay that describes the mechanisms or techniques
used by water suppliers to maintain water flow and pressure during peak times.
[lustrate this technique by making your own drawing.

Hint: Have you seen water tower tanks in cities that are in flat areas? Research
what purpose these water tower tanks serve. What do water pumps do? Research
the various ways in which a city or municipal water supply system uses water
pumps.

Wastewater Treatment

Before wastewater can be released into the environment, it is treated in a wastewater treat-
ment plant. An aerial view of a wastewater treatment plant is shown in Figure 9. Figure 10
illustrates the steps involved in the treatment of wastewater. We describe the steps in more
detail below.

Pumping. Wastewater treatment facilities are usually located on low ground so that grav-
ity will move sewage from homes to the treatment plant. Usually, pumps are needed to lift
the sewage as it enters the treatment facility. The treatment facility uses gravity to move
the wastewater through the treatment process.
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Figure 3.9: An aerial view of a wastewater treatment plant in Dresden, Germany.

Figure 3.10: Steps in a typical wastewater treatment process.
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Bar screen. As it enters the treatment plant, wastewater may contain large items such as
plastic bottles, cans, sticks, rocks, and even dead animals. These items are removed by the
bar screen and sent to a landfill. If they are not removed, they will damage equipment in
the treatment plant.

Grit chamber. After screening, wastewater enters the grit chamber in which larger particles
(such as sand or dirt) settle out of the water. Often, the water is aerated (air is bubbled
through it) to keep smaller particles from settling out. Aeration causes some of the gases
that are dissolved in the water (e.g. hydrogen sulfide that smells like rotten eggs) to be
released.

Sedimentation tank. In the sedimentation tank (also known as the primary clarifier),
solids settle to the bottom as sludge and scum floats to the top. The sludge is pumped out
of the primary clarifier and sent to the solids processing facility. The scum is composed of
lighter materials such as grease, oil, soap, and so forth. Slow-moving rakes are used to collect
the scum from the surface of the wastewater.

Secondary aeration and clarifier. The wastewater is exposed to air in an aerator, which
provides oxygen for microorganisms that help break down contaminants in the water. This
may be done by spraying the wastewater into the air or by bubbling air through the wastew-
ater. The aerated effluent is passed into a secondary clarifier, which is a large tank or pond;
in the clarifier, microorganisms decompose organic material and absorb nutrients such as ni-
trogen and phosphorus. The microorganisms and remaining solids settle out of the effluent
as activated sludge. Most of the activated sludge is pumped to the solids processing facil-
ity, while the remaining sludge is pumped into the wastewater entering the aerator. This
introduces additional microorganisms to the wastewater to hasten the breakdown of organic
matter.

Filtration. Filtration may be used to further reduce the organic matter in the water. The
water is filtered through a substance, usually sand and rocks. During this filtration process,
most bacteria are removed, turbidity and color in the wastewater are reduced, odors are
removed, the amount of iron content in the wastewater is reduced, and any other solids that
may have remained in the water are also removed. This water may subsequently be filtered
again through a carbon filter such as charcoal to remove organic particles.

Disinfection. To kill remaining harmful bacteria and other pathogens in the processed
wastewater, chlorine and other chemicals are added in a disinfection tank. The chlorine can
be harmful if added in excess quantities. (You may have noticed the smell of chlorine or
have had irritated eyes when you were exposed to chlorine in a swimming pool.) Therefore,
in some cases, the chlorine must be neutralized with other chemicals after it has killed the
bacteria to protect marine organisms.

Solids processing. Solids include the sludge and scum removed in the sedimentation tank
and the activated sludge removed from the secondary clarifier. These solids may be processed
further in devices called digesters, which are heated and enclosed tanks. The solid wastes
are kept in these tanks for 20-30 days to reduce the volume of the material, reduce odors,
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and also destroy any organisms that have the potential to cause disease. Depending on the
source and composition of the wastewater, the digested solids are either sent to a landfill or
used as fertilizer for crops. The use of the processed solid wastes as fertilizers is usually done
only after careful testing for any potential dangerous contamination.

The treated water that is released by the plant is called efluent. The effluent is usually
released into a local river or the ocean. In some places, this water may be used for landscaping
(e.g. to water lawns or golf courses), but not for drinking purposes.

Review Questions

The following questions will help you assess your understanding of this section. There may
be one, two, three, or even four correct answers to each question. To demonstrate your
understanding, you should find all of the correct answers.

1. The United States government agency that is responsible for water quality standards
is

(a) the Environmental Protection Agency
(b) the national air and space administration
(c) the president of the United States

(d) the forest service

2. Urban water supplies come from

(a) fire hydrants

(b) surface sources such as lakes, rivers, and reservoirs
(c) the ocean

(d) groundwater

3. Two types of water treatment are

(a) treatment of wastewater
(b) freezing and melting

(c¢) adding a slice of lemon

(d) treatment of drinking water

4. The design and management of processes in a water treatment plant involved these
engineering specializations

(a) water engineering

(b) social engineering

(c) mechanical engineering
(d) construction engineering

5. The purpose of disinfection is to

(a) further pollute water

77 www.ckl2.org


http://www.ck12.org

b)
(c) kill bacteria

(b) kill fish and other marine animals
(d) make water taste good

6. The purpose of wastewater treatment is to

(a) make the water clean enough to drink

(b) remove solid and organic matter from water
(c) kill harmful bacteria
(d)

reduce pollution caused by wastewater

Review Answers

Water and Engineering

a
b,d
a,d
a,c,d
c
b,c,d

SEBAN R e

3.5 Vocabulary

Body of water A significant amount of water either naturally (such as lakes, rivers, and
oceans) or man-made (such as ponds, lakes, and harbors).

Contaminant A substance that may be harmful to humans or other forms of life when
released into the environment.

Epidemic a widespread outbreak of a contagious disease.

Gravity The force of attraction exerted between objects. Often, this is the force of attrac-
tion that the earth exerts on objects at its surface.

Pathogen A disease-producing organism.

pH (potential of Hydrogen) A measure of the activity of hydrogen ions (H™) in a so-
lution. This is a measure of the solution’s acidity or alkalinity. pH is the logarithm of
the reciprocal of the effective hydrogen-ion concentration and is a number between 0
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and 14; the number has no units. A pH of 7 indicates neutrality, that is, the solution
is neither acidic nor alkaline. pH numbers lower than 7 indicate acidity, while pH
numbers higher than 7 indicate alkalinity. Each change of 1 pH represents a tenfold
change in acidity or alkalinity.

Pollute To make something dirty, foul, or unclean.
Potable Potable water is water that is clean enough to drink.

Precipitation
Water that falls from the atmosphere to the earth’s surface. The most common form of
precipitation is rain. Snow, sleet, hail, and freezing rain are also forms of precipitation.
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3.7 Instructor Supplemental Resources

Standards

ASEE Draft Engineering Standards. This chapter is focused on “Dimension 5: Engi-
neering and Society” of the ASEE Corporate Members Council Draft Engineering Standards;
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these draft standards will serve as input to the National Academy of Engineering process of
considering engineering standards for K-12 education. This dimension includes the following
outcomes:

o Students will develop an understanding that engineering is an ethical human endeavor
that addresses the needs of a global society.

» Students will be able to investigate and analyze the impact of engineering on a global
society.

Common Preconceptions

Students have a number of preconceptions about engineering, technology, and the topic of
this unit—water—which can affect their understanding of the reading material and activities.
There are preconceptions relating to Dimension 5: Engineering and Society in general and
others related specifically to the standards subsumed by Dimension 5.

Engineering and Engineers

Students have little to no knowledge about what engineers do or to the range of engineering
careers open to them. They rarely know anyone who is an engineer unless that person
is a relative. Perceptions of what engineers do are limited to planning, designing, building,
fixing and repairing things. Engineers are also perceived as male and never female. Engineers
who work with computers are viewed as hackers. All engineers are viewed as lacking social
qualities.

Technology

Students also have preconceptions of technology. They see technology as limited primarily
to computers and related to electronic devices. They do not see such simple artifacts as
zippers or forks as technological innovations that were groundbreaking in their time. Nor,
do they see the built world as filled with engineering innovations that have served the needs
of society.

Addressing the Needs of a Global Society

Among female students in particular, the strongest preconception is that engineering does not
meet the needs of society and as a consequence students do not choose engineering careers.
This naive conception is strongly linked to the lack of knowledge about what engineers do
and the range of engineering careers available to them. Furthermore, since conceptions of
engineering are limited to building, fixing, and repairing things, as well as designing and
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planning, students’ views of engineering and its reach is local rather than global. Female
students are also more likely than males to describe the products of engineering as having
just as many negative impacts on society, such as bombs, as positive impacts.

Investigate and Analyze the Impact of Engineering on a Global
Society

Most people in the United States do not recognize the role of engineers in developing new
forms of energy or drugs or even working in space. These activities are seen as the work of
scientists. Furthermore, they do not understand that engineers work with scientists to create
new technologies. In a survey of the International Technology Education Association, only
36% of respondents chose “changing the natural world to satisfy our needs” when asked to
select what comes to mind when they hear the word technology.

When students look at large-scale problems such as those relating to the environment, they
tend to focus their analysis on the scientific aspects of such problems and ignore the ethical,
economic, legal, and social components. A narrow focus in analyzing problems that impact
a global society, attributing the work of engineers to scientists and misunderstanding the
role of technology must first be addressed before students can investigate and analyze the
impact of engineering on a global society.

Water

When environmental problems such as water pollution are presented to students they make
distinctions between local and global problems rather than seeing them as one and the same.
Local problems are solved from an anthropocentric perspective based on personal views in
contrast to global problems that are solved using scientific knowledge. Ethical, legal, and
economic factors are rarely seen as important in solving environmental problems.

Furthermore, students do not understand that water is part of a complex dynamic system
within which water is conserved. They do not understand the physical and chemical process
of the water cycle. They do understand that the water system has an atmospheric component
but not that it has a groundwater component. Nor, do they understand the water table. In
addition, ground water is believed to be captured in impervious rock or to be contained in
large static underground lakes.

Only 11% of students believe that industries play a role in water pollution by dumping
industrial waste into streams. Students who live near polluted rivers had a limited sense
of the extent of water pollution despite their proximity to polluted rivers. These students
believed that rivers in rural areas were not polluted. And, because students do not see
the connection between groundwater and atmospheric water they do not make connections
between the hydrosphere and other components of various earth systems which limits their
ability to once again think globally.
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pollution and the need to conserve this important resource. The book includes six chapters.
Beginning with an introduction to water pollution, its forms, and how to measure it, the book
presents causes of water pollution and effects on plants, ecosystems, animals, and people.
Real world case studies are introduced to the reader.

Bowden, Rob. (2003). Water supply: Our impact on the planet. Austin, TX:
Steck-Vaugh Company. Pages: 64, Price: $24 (USD), ISBN: 0739855069 (9780739855065)

Water Supply is appropriate for students in grades 6+ (age 12+4) and above. Part of the “21st
Century Debates” series, this easy to read book discusses the significance water has to our
lives, the scarcity of fresh water and the ensuing problems. Over nine chapters, the reader is
presented with the background knowledge needed to understand the issue of sustaining our
water resources for the future.

Arato, Rona. (2005). World of water: Essential to life. New York: Crabtree.
Pages: 32, Price: $18.90 (USD), ISBN: 0778714160 (0778714489)

World of Water is appropriate for students in grade 4+ (age 104). The book presents
background knowledge on our biological need for water, the process of the water cycle, the
distribution of water supply among rivers, geysers, springs, etc., and the water treatment

www.ckl2.org 82


http://www.ut.ee/biodida/e/metsalu.htm
http://www.massachusetts.edu/stem/engineering_concept.html
http://www.ck12.org

necessary to make available potable water.

Dalgleish, Sharon. (2003). Saving water. Broomall, PA: Chelsea House Pub-
lishers. Pages: 32, Price: Unknown, ISBN: 0791070166 (9780791070161)

Saving Water is appropriate for students in grade 4+ (age 10+) and above. The book
presents elementary information about water and its properties, its uses at home, industry,
and agriculture, and the relationship between water and disease.

McDonald, Bernadette & Jehl, Douglas (Eds). (2003). Whose water is it?
The unquenchable thirst of a water-hungry world. Washington, D.C.: National
Geographic Society. Pages: 232, Price: $25 (USD), ISBN: 0792262387

This book is appropriate for high school youth and young adults (age 15+). An edited
volume, this book presets multiple perspectives about ownership, scarcity, conflict, and
prospects for sustaining water for the future. In barely 20 years from now, it is predicted
that one-half of the earth’s population may lack sufficient access to water for basic needs.
Within such a context, the contributors of this volume carefully examine the question of
“Whose water is it?” Readers should be provoked to think about and take action to sustain
this important resource.

Water Use Activity

This activity can be used in conjunction with the section To Engineer Is Human. You may
wish to select uses from those that students identify in the activity at the end of the section,
or you may use those already in the table.

o First ask the students to rate the importance of each use individually by rank ordering
the uses, 5 to 1, with 5 having the highest priority and 1 the least.

o Form small groups of five students and ask them to calculate the average ranking for
each water use for their group. (Note: If there are 5 students in a team, then for each
water use, the students have to total the rank given by each student for that group
and divide the total by 5.) Give students time to discuss differences in their rankings.
Encourage students to express their feelings about the differences in their own ranking
of the water uses with that of the group average.

« Compute the class average ranking for the listed water uses and plot a frequency chart
for each water use ranking. This will create a water use index for the class and a visual
representation of the whole group’s value for different water uses.

o Extend this activity by asking students to discuss the water index developed by the
class with their family and community members.

« Extend this activity by asking students to add to the list of water uses provided below.
Have them discuss examples of each type of water use.

Water Use Chart
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Rank the following water uses: 5 for the most important to 1 for the least important

Table 3.1:

Water use Individual ranking Small Group average Class average

Number of students Number of students
in small group: - in class:

Human  Consump- B

tion: Drinking,

Cooking, Bathing

Energy Generation:
Hydroelectric, Nu-

clear, and Coal

Irrigation for Agri-

culture: Wheat,
Corn, Rice, Vegeta-
bles

Industrial Manufac-
turing: Computers,
Automobiles

Wildlife and Conser-
vation: Fish, Endan-
gered Species, Habi-
tats

Project—Engineering Water: News Special Edition

Students will develop their own special edition of a newspaper that is exclusively focused on
water and engineering.

Objectives

Students will (demonstrate that they)
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e recognize that water is an important global resource,
o understand that engineering plays a significant role in sustaining our water resources.

Students will be able to (demonstrate by doing)

« examine the impact of engineering on water in their own lives as well as in a global
context,

« analyze the knowledge they have gathered on engineering’s impact on water,

o synthesize their knowledge and publish a newspaper edition on water and the role of
engineering,

o critique and discuss their Engineering Water: News Special Edition.

Materials needed

Internet-accessible computer, newspapers, textbooks.

Engage

The teacher shows examples of drought and or water pollution around the world and engages
the students in a discussion about what happens to people, animals, crops, and quality of life
when water resources are limited or polluted. Examples could be Africa or a local waterway
or the situations depicted in Figures 11 and 12.

The teacher presents the assignment for the explore section of the lesson. Students should
decide on whether they wish to investigate the issue of drought or water pollution, and
identify a country or part of the world to research. They may work in pairs or individually
or even in small groups. They should also identify some of the engineering solutions being
used to address the problems of water pollution and drought.

The teacher should also provide criteria for evaluating the accuracy and quality of the in-
formation students gather. Some criteria could include the qualifications of the writer (a
scientist, engineer, newspaper reporter, private citizen) as well as the trustworthiness of the
source (advocacy group, scientific organization, political organization, government, textbook,
personal blog).

Explore

Students use multiple resources (textbooks, newspapers, internet) to research their topic and
organize the data in chart form. The students present their information to one another as
a whole class activity. This data chart is a way to help students organize the information

they find.
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Figure 3.11: A Russian oil tanker broke in half in the Kerch Strait in November 2007 and
released more than 2000 metric tons of fuel oil. This polluted a large stretch of shoreline,
injuring many birds and fish.

Table 3.2:
DescriptionLocations Impact Impact Impact Impact Engineering
of the (area of on peo- oncrops on ani- on qual- solutions
topic the ple mals ity of
(drought  world, life
or water country
pollu- or area
tion) of a
countrys,
local)
Ex-
ample
1
Example
2
Example
3
Example
4
Explain

8}7{%}%{ {)%Lé)lggof the presentations, the teacﬁerﬁprepares and then provides background in-
formation or addresses aspects of the issue students may have overlooked. For example, a
student might identify fewer crops in drought conditions but not see the impact on animals
(less fodder) or quality of life (higher costs of food, fewer food choices). If students have con-
fined their research to fresh water resources and overlooked the importance of the ocean as
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Figure 3.12: Because of a drought in South Australia in 2007 and 2008, a potential swimming
hole is dried-up and the sign is no longer necessary.
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provided with the student outcomes on the rubric so that they are sure to address all of the
outcomes for the activity. You should also take time to explain what each of the outcomes
mean.

Evaluate

After students write their articles, they should have an opportunity to critique and discuss
their articles with their peers. Since, writing is a recursive process, students should have the
opportunity to revise their articles on the basis of their discussion. The newspaper should
then be shared with other classes or publicly displayed as part of the school newspaper or
posted on the schools’ Internet site.

Table 3.3: Rubric for student outcomes

Student  Out- Strongly meets Adequately Minimally Does not meet
comes criteria meets criteria meets criteria criteria
Recognize Provides mul- Provides some Provides exam- Does not pro-
that water tiple examples examples of wa- ples of water as vide examples
is an tmpor- of water as a ter as a global a local resource of water as a
tant global global resource  resource local or global
resource resource
Understand Provides mul- Provides some Provides one Does not pro-
that engi- tiple examples examples of example of vide examples
neering plays of the role of the role of the role of of the role of
a significant engineering engineering engineering engineering
role in sus- in sustaining in sustaining in sustaining in sustaining
taining water water resources water resources water resources water resources
resources
Examine the Provides multi- Provides some Provides one Does not pro-
impact of en- ple examples of examples of example of vide examples
gineering on the impact of the impact of the impact of of the impact of
water in their engineering on engineering on engineering on engineering on
own lives water in their water in their water in their water in their
own lives own lives own lives own lives
Examine the Provides mul- Provides some Provides one Does not pro-
impact of en- tiple examples examples of example of vide examples
gineering on of the impact the impact of the impact of of the impact
water in a of engineering engineering engineering of engineering

global context

www.ck12.org

on water in a
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Table 3.3: (continued)

Student  Out- Strongly meets Adequately Minimally Does not meet
comes criteria meets criteria meets criteria criteria
Analyze the Can determine Can determine Can determine Cannot de-
information the accuracy the accuracy of the accuracy termine the
gathered on of information some of the in- of information accuracy of
engineering’s gathered and formation gath- gathered  but information
impact on implications for ered and iden- not the impli- gathered  nor
water a global society tify some im- cations for a the implications

plications for a global society for a global

global society society
Synthesize Knowledge is Knowledge is Some of the Cannot write a
their knowl- synthesized in presented in Knowledge is newspaper arti-
edge in the the form of the form of presented in cle
form of a a newspaper a newspaper the form of
newspaper article article but is a newspaper
article on not synthesized article but is
water and not synthesized
the role of
engineering
Critique and Applies the Applies the Applies the Cannot apply
discuss their rubric to their rubric to their rubric to the rubric to
Engineer- own work and own work and the work of their own work
ing Water: the work of the work of their peers or the work of
News Special peers and can peers but can- but cannot peers
Edition identify how to not identify self-evaluate

make the News how to make
Edition better  the edition

better

Coding

Strongly meets criteria = 3 points

Adequately meets criteria = 2 points

Minimally meets criteria =1 point

Does not meet criteria = 0 points
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Evaluation of Engineering Water:News Special Edition

Notes to the teacher

The following short answer questions are open ended. There are many correct answers to
each of the questions. Consequently, the answers your students give to the questions will
vary from student to student. However, you should look for an understanding that reflects
the hands-on activity of writing news articles and creating a Special News Edition. Student
answers should be linked to the data gathered, analyzed, synthesized, discussed, and written
about in Engineering Water: News Special Edition.

Notes to the student

These are short answer questions. You should be able to answer these questions based on
your work during the activity of preparing a News Special Edition.

1. Provide three reasons why water is an important global resource.

List three ways in which engineering plays a role in sustaining our water resources.

3. What impact does engineering have on water in your own life? Be specific and provide
details.

4. What impact does engineering have on water globally (around the world)? Be specific
and provide details.

5. How is the impact of engineering on water in your on life and globally the same? How
is it different?

b

Image Sources

1) http://flickr.com/photos/sararichards/199515354/. CC-BY-SA 2.0 Generic.

2) http://www.flickr.com/photos/darwinbell/286131360/. CC-BY 2.0 Generic..
3) CK-12 Foundation. . CC-BY-SA.

5

(1)
(2)
(3)
(4) http://en.wikipedia.org/wiki/Image:Snow-cholera-map-1.jpg. Public Domain.
(5) CK-12 Foundation. Steps in a typical wastewater treatment process.. CC-BY-SA.

(6)

6) http://commons.wikimedia.org/wiki/Image:
Luftbild_Klaeranlage Dresden_Kaditz.jpg. CC-BY-SA 2.0 Generic.

(7) http://flickr.com/photos/liberato/171610084/. CC-BY-SA 2.0 Generic.

(8) http://flickr.com/photos/193788560N04/2037098785/. CC-BY 2.0 Generic.
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Chapter 4

Introduction to Engineering Design

4.1 About This Chapter

Before beginning this chapter, look around you for a moment and notice how much of your
environment has been designed by humans. Perhaps you are reading inside a building; people
designed, engineered, and constructed it. This book has been designed; if you are reading
it in a paper format, the paper, ink, and binding have been manufactured, while if you
are reading it electronically, the computer on which you are reading has been designed and
fabricated.

Almost every aspect of modern life depends on and is affected by technological artifacts
such as bridges, buildings, vehicles, cell phones, computers, and so on. These technological
artifacts are designed and created by engineers; the process by which engineers create is often
called the engineering design process. ABET, the organization that accredits undergraduate
university and college engineering programs, has developed the following definition of the
engineering design process.

Engineering design is the process of devising a system, component, or process to
meet desired needs. It is a decision-making process (often iterative), in which the
basic sciences, mathematics, and the engineering sciences are applied to convert
resources optimally to meet these stated needs.

Chapter Learning Objectives

After working through this chapter, you should be able to do the following;:
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o Explain what a design process is.

« Explain how engineering design differs from other design processes.

« Explain the different steps in the engineering design process.

o Apply each step of the engineering design process to design a product or process.

o Describe how the implementation the design process affects the quality of the resulting
design.

4.2 The Design Process - Part 1

The word design has several meanings. One meaning is a plan or drawing that shows the
look and function of an object or structure before it is made. This is the meaning of design
that we consider in this chapter. Examples of this meaning for design include

o a team of architects may develop the design of a building, specifying the building’s
appearance and the layout of rooms, doors, and hallways;

» ateam of engineers may develop the design for a new jet engine, specifying its structure
and the materials from which it is built.

Figures 1 and 2 show examples of this type of design.

Figure 4.1: The floor plan of the first story of a house. Architects document their designs
using such floor plans.
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Figure 4.2: A design of a jet engine.

In general conversation, the word design is often used to mean “an arrangement of lines
or shapes to form a pattern or decoration.” Figure 3 shows an example of this meaning for
design; this is not the meaning that we are considering in this chapter.

Figure 4.3: A design can be an arrangement of shapes and lines that forms a decorative
pattern. This is the type of design that we will consider in this chapter.

A process by which a design for an object or a structure is created is called a design process.
All design processes have similarities. They all involve creativity. They all involve making
decisions. However, engineering design tends to require a more extensive and specialized
knowledge of technology, math, and science than other types of design.
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Engineering Design

Teams undertake several different types of engineering design projects. Most projects in-
volve modifying or enhancing an existing product or process; these projects are described as
incremental design. Sometimes a new product is developed from scratch. Such a project
would be a new design. Both types of projects use the design process.

The purpose of most design projects is to develop an object, structure, or process that meets
the needs of customers and stakeholders. A customer is someone who will use the designed
object; customers usually pay for the product. A stakeholder is someone who has an interest
in the product. Customers are stakeholders; other stakeholders may include government
agencies, companies, and individuals. For example, stakeholders for a new automobile design
might include the individuals who will purchase it, the mechanics who will maintain and
repair it, the Environmental Protection Agency that will monitor its emissions, and the oil
companies that will supply its fuel.

Design problems are almost always open ended—they rarely have a single correct solution.
Instead, there are usually several solutions that will satisfy the desired needs. One of the
challenges of design is to choose from the vast number of possible solutions. Indeed, engi-
neered products may be very complex, and the design of such products may require that
a design team make hundreds or thousands of decisions. Without a clearly defined process
to follow, the team may not develop designs that meet the needs of customers or other
stakeholders; the team may make poor decisions or lose sight of the important attributes of
the product. Thus, it is important to use a structured design process. Structured design
processes offer several advantages. They provide a framework in which the team decision-
making is made explicit and the decision process can be well documented. They also reduce
the likelihood that important issues will be forgotten or overlooked.

In this section, we describe “the engineering design process,” which may give the impression
that there is only one correct process. In reality, many processes have been successfully
applied to engineering design. The design process discussed in this section may not always
be the best for a given project or problem. The design process should not be applied blindly,
but should be adapted to fit the circumstances of the design team and the particular project.
The design process should also be subjected to a continuous improvement process so that
the design team’s performance improves over time.

The engineering design process may not result in a viable design for several reasons:
o Incorrect or unrealistic assumptions.
o A lack of understanding of the desired needs or underlying problems to be solved.
« Errors in design specifications or representations (e.g. models and drawings).

» Inadequate testing of prototypes.
e Poor design choices.

Sometimes, poor design decisions made early in the process will make it impossible to develop
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a design that successfully meets customers’ needs.

A Design Process

In this section we present a typical engineering design process. Other descriptions of the
design process may break the process into somewhat different steps and may use somewhat
different terms to describe the steps, but most design processes are similar to this one. An
example of how this design process could be applied is in The Design Process in Action
section.

Defing the Problem

Identify Criteria and Constraints
Genarate |deas

Explore Fossibilities

Select a Design

Develop a Detailed Design
Crealg Models and Prototypes
Test and Evaluate

Refing the Design
Implgmentation

Communicate Process and Results

Figure 4.4: A design process.

Our basic engineering design process includes the steps shown in Figure 4. Note that Figure
4 shows each step being completed before the next step begins; this process is sequential. In
many real-life situations, the design team may revisit a step several times to create the final
design. We now describe the steps in more detail.
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Define the problem. In the problem definition step, the needs of potential customers
are investigated; potential competitors are identified and their market positions are char-
acterized; constraints imposed by government regulations or technological limitations are
identified; and constraints on the design effort such as available personnel, time, and money
are established. The problem definition process results in a clear understanding of the scope
of the design project and the resources available to solve the design problem. This under-
standing is often expressed in a problem statement. This understanding is also expressed
in the form of criteria and constraints.

Identify criteria and constraints. Criteria and constraints are used to evaluate the
quality of a design. Constraints describe conditions that must be met by the design and
design process; a design must meet all constraints. Criteria are measurable values that can
be used to compare several designs and determine which is better.

Generate ideas. Once criteria and constraints are identified, the design team generates
ideas for designs. These ideas come from many different sources; these include existing
products (including competitors’ products), brainstorming and other creative activities, and
market and technical research. Ideas are combined to generate potential designs; at this
stage, designs are concepts without a significant level of detail.

Explore possibilities. After potential designs are generated, they are explored to under-
stand their characteristics and likely advantages and disadvantages.

Select a design concept. Potential designs are evaluated relative to the constraints and
criteria, and one or more is selected to be designed in detail and prototyped. This selection
is made using a structured process that requires the constraints to be met and chooses the
best design according to the criteria.

Develop a detailed design. The selected design is developed in more detail. The design
architecture is established by identifying physical and functional chunks. Shapes and
dimensions are determined, materials and fabrication processes are selected, and product
components are identified. The design is developed in enough detail that prototypes and
models of the design can be made.

Create models and prototypes. One or more prototypes are typically implemented to
characterize various aspects of the design. Prototypes may be physical models of the design
in which dimensions, materials, and fabrication processes emulate important aspects of the
design. Increasingly, prototypes are implemented using computer modeling software that
simulates mechanical, electrical, and other characteristics of the product.

Test and evaluate. Prototypes are tested to see whether the design meets all constraints
and performs acceptably relative to the criteria.

Refine the design. Testing and evaluation may reveal weaknesses of the design or indicate
ways in which the design may be improved. At this point, the design may be refined to
better meet the criteria and constraints. Sometimes, testing and evaluation show that a
design will not work, so that a different design concept must be selected; in this case, the
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process goes back to the “Select a design concept” step.
Implementation. Depending on the context, the design is produced or constructed.

Communicate process and results. The activities and results of the design process are
documented. This documentation is communicated to the appropriate stakeholders in the
design.

The design process in Figure 4 is often called a sequential process because each step follows
the previous one in direct sequence. This model does not account for the iterative nature
of many actual design projects; as designs are developed, prototyped, and evaluated, their
strengths and weaknesses are better understood and changes are made to the design on the
basis of this improved understanding. After changing the design, the process of prototyping
and evaluating is repeated. The design process in which the processes are iterated is often
called a spiral design process. A spiral design process is illustrated in Figure 5.

Defing the Problem

Identify Criteria and Constraints
Generate |deas

Explare Possibilities

Selecta Design

Devalop a Detailed Design
Create Models and Prototypes
Test and Evaluate

Refing the Design
Implameéntation

Communicate Process and Results

Figure 4.5: A spiral design process. Changes are made in the design, and then the improved
design is evaluated.

The advantage of using a spiral design process is that the end design is often much better
than the initial design. The significant disadvantage of the spiral design process is that time
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and resources are required for each loop in the spiral; if these are not planned for, the project
may easily be late and over budget.

4.3 Open Blackboard and complete the Quiz ”The De-
sign Process Part 1.

4.4

4.5 The Design Process in Action

In this section, we go through an example of a team using the design process. This section
provides more detail about the steps of the sequential design process.

Figure 4.6: Rush hour traffic in Washington, D.C. Heavy traffic and long delays, as well as
the associated air pollution and fuel consumption, are major problems for communities.
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Define the Problem

Problem definition is one of the most critical steps in the design process. Since the design
team trying to solve this problem will expend a significant effort, it is very important that the
problem being addressed is actually the problem that is important to potential customers.
It is also important that the problem be clearly defined and understood by the design team.

Many techniques can be used to clearly define and understand the problem (see Fogler and
LeBlanc, 1995). These techniques include

o gathering information from customers and other stakeholders,
« finding expert information (either in person or through books or other sources),
» doing a root cause analysis to identify what the real problem is.

The SCV design team began by gathering information about the issues associated with ve-
hicular commuting and traffic congestion. They found and read several government reports.
They interviewed various stakeholders in the commuting problem; these included people who
commute to and from work in their car each day, officials from state and local departments
of transportation, and representatives of environmental groups. They also used their own
experience as commuters.

Identify Criteria and Constraints

The problem statement is used as a starting point to develop an understanding of the char-
acteristics of a good solution. These characteristics are described in terms of constraints
and criteria. A constraint is a limitation or condition that must be satisfied by a design.
A criterion is a standard or attribute of a design that can be measured. The constraints
and criteria are used in subsequent steps of the design process to determine which of many
possible designs should be implemented.

Generate Concepts

With criteria and constraints identified, the design team begins to generate concepts for
the design. This is the step in which creativity plays a very important role—good designs are
often very different from existing solutions to a problem. In addition to creativity, the design
team must use discipline to ensure that they explore enough options and potential solutions
to guarantee a good design. Therefore, it is important to use a structured process to generate
concepts for a design. Many different processes could be used. The one presented here is
adapted and simplified from Product Design and Development by Eppinger and Ulrich. It
includes the steps of problem decomposition, searching externally and internally for ideas,
and systematically exploring possibilities.
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Decompose the Problem into Subproblems

When a design problem is complex, it can be very beneficial to decompose the problem
into subproblems. Subproblems are smaller problems that must be solved in order to solve
the overall problem.

Search Externally for Ideas

Once the problem is decomposed into subproblems, the design team can begin to search
for ideas to solve each subproblem. One source of ideas is to look at existing products and
ideas to see whether there are already solutions to the overall problem or the identified
subproblems. Sources of external information include interviews with potential customers or
experts in the subproblem areas, patent and other technical databases, and existing products.
Much of this information is now available on the World Wide Web.

Search Internally for Ideas

Searching internally for ideas is often called brainstorming; Figure 13 illustrates a group
brainstorming. The goal of brainstorming is to develop as many ideas as possible without
worrying whether they are feasible. Sketches are often good tools to capture ideas and to
generate new ideas.

Explore Systematically

Searching externally and internally will generate many possible solutions for each of the
subproblems. To ensure that good solutions are not left out of the set of possible designs,
it is important to use a structured process to examine possible combinations of subproblem
solutions. A tool for systematic exploration is the concept combination table. In this table,
solutions for each of the subproblems are combined; Figure 15 shows a concept combination
table for the commuter vehicle.

To use the table, a solution for each subproblem is combined, and then a sketch or description
of the resulting concept is created. For example, if the concepts are combined as shown in
Figure 16, then the possible design in Figure 17 results. This design could be very similar to
a standard bicycle with an added solar cell canopy that shades the driver. The pedals of the
bicycle would be removed and replaced by an electric motor that drives the vehicle forward.
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¥Yehicle

Energy Source Configuration Drive Mechanism
Solar cells Four wheels Clutch, gear box,
(photovaltaic) and drive shaft
Human Power Three wheels Wheel hubh motors
- . Two wheels Chain drive with
Wind Energy .
(bicycle)} gedrs

Giasoline (fossil
fuel}

Two wheels (side 1o
side)

Ethanol

Figure 4.7: The concept combination table for the commuter vehicle.

¥ehicle
Energy Source Configuration Drive Mechanism
Solar cells Four wheels Clutch, gear box,
(photovoltaic) and drive shaft
Human Power Three wheels Wheel hubh motors
- . Two wheels Chain drive with
Wind Energy —_—
(bicycle} gedrs

Giasoline (fossil
fuel}

Two wheels (side 1o
side)

Ethanol

Figure 4.8: The concept combination table is used to generate a particular possible design.
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Salar Cell Array

Figure 4.9: A sketch of the possible design obtained by from the concept combination table
in Figure 16. Note that engineers often use rough, hand-drawn sketches at this point in the
design process to understand design concepts and explore their strengths and weaknesses.

Note that the combination of design elements often does not provide a complete design
concept; decisions must be made to fill in the gaps. For example, if solar cells are included
as part of a design, they could be placed on the vehicle or they could be part of a fixed
charging station that charges a battery on the vehicle; the design team must decide which
configuration would make the most sense.

Explore Possibilities and Select a Design

The design concepts are explored to understand their characteristics. For example, exploring
Concept 1, the solar-powered bicycle in Figure 17, leads to the following conclusions:

o The design would use only renewable energy.

o The design would be relatively inexpensive to manufacture and would cost nothing to
operate.

o The design may not be convenient for the commuter, since the motor will only run
when sunlight falls on the solar array. This means that it is impossible to commute at
night or on cloudy days.

o The design will not be particularly comfortable for the commuter, since they will be
exposed to hot, cold, and rainy weather, and the seat appears to be uncomfortable.
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Develop a Detailed Design

After concept selection, the team has a general design concept; they have decided how each
subproblem will be addressed and have an overall understanding of the design. Before the
design can be manufactured, the team needs to develop the details of the design. A detailed
design includes

o The shapes and dimension of all physical components.

e An understanding of which components will be acquired from external vendors and
which will be fabricated within the company and, if fabricated within the company;,
the materials and fabrication processes to be used.

o A detailed schematic diagram of any electrical subsystems and computer code for any
embedded processors.

o Assembly processes.

The development of a detailed design from a design concept may occupy the majority of
time allocated to a new product design project. This step will also have a significant impact
on the success of the project; a poor detailed design can ruin a good design concept.

In the process of developing a detailed design, the team may use many or all of the subse-
quent design steps of prototyping, testing, and refinement. This process may require many
iterations as the testing of prototypes reveals previously unknown characteristics of the de-
sign.

A major step in the process of going from a design concept to a detailed design is the
development of the design architecture. The design architecture is “the assignment of the
functional elements of the product to the physical building blocks of the product” (Eppinger
and Ulrich, 2003).

For example, one architectural decision for the SCV design is how to incorporate the solar
array into the design. Should the array be a separate physical block of the vehicle, for
example creating the canopy structure in Figure 17, or should the array be created as an
integral part of the frame? The first option represents a modular architecture, while the
second option represents an integrated architecture.

Prototype, Test, and Refine

A prototype or model is a representation of some aspect of the design. The purpose of models
and prototypes is to provide additional understanding of the design and its performance. A
prototype may implement only a small portion of design or may be comprehensive and
implement the whole design. For example, while developing a detailed design for Concept 1,
the design team may initially wish to develop a prototype only of the electrical system (the
solar cell array and the electric motor). Once the electrical system design is verified, they
may implement a comprehensive prototype of the whole vehicle.
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Prototypes may be physical or virtual. A physical prototype may be implemented out of
materials that are very similar to those that will be used to manufacture the final design,
or, to reduce cost or save time, the prototype may be implemented out of other materials.
A virtual prototype may be created using a computer-aided design and drafting (CADD)
program. Modern programs can simulate many aspects of a physical system, revealing flaws
or promoting understanding of the design without the need to implement it physically.

One important function of a prototype is to test whether the design will work as expected.
Understanding of the design and confidence that it will work is gained as prototypes are
tested and evaluated relative to the constraints and criteria for the design. Testing procedures
should be carefully planned to ensure that questions about the design are answered without
requiring too much time and resources. The test results should be evaluated relative to
specifications that reflect the constraints and criteria.

Testing and evaluation of the prototype may reveal weaknesses in the design or may provide
information that can be used to improve the design. In this case, the design will often
be refined, particularly if it does poorly with respect to some of the criteria or constraints.
Sometimes, the chosen design concepts do not meet the criteria or constraints, and the design
team must go back and perform more concept generation and then select another concept.
This is an integral part of a spiral design process.

Communication and Implementation

As the design team has gone through the design process, they have kept records of the
different processes that they used and results of these processes. Often, this information is
used to create user manuals and maintenance manuals for the product. This information
is important for team members who will be required to update or modify the design in the
future. Lessons are learned in the design process that should be conveyed to other teams in
the company or perhaps to external stakeholders in government or academia. An important
part of the design process is to document these issues and communicate the results to the
appropriate stakeholders.

As the design is completed, the effort to implement the design increases. If the design is of
a product that is manufactured, a manufacturing system must be developed. For example,
in the alternate commuter vehicle design, suppliers for components such as motors and solar
cells must be located; facilities for manufacturing the frame are created; and a sales and
marketing staff are identified.

4.6 Vocabulary

Artifact An object made by a human being for a particular purpose.
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CADD CADD stands for computer-aided design and drafting. It is the practice of using
computer software to represent the geometry of designed objects.

Carbon dioxide emissions Carbon dioxide is a gas that results from burning fuels that
contain carbon (e.g., coal and gasoline). Because carbon dioxide is a greenhouse gas
that traps solar radiation, release of large amounts of carbon dioxide into the atmo-
sphere by burning fossil fuels is believed to contribute to global warming.

Characterize Something is characterized by discovering its distinctive features.
Concept generation The process of developing ideas that may be used to create a design.
Configuration An arrangement of the elements of a design in a particular form.

Constraint A constraint is a limitation or condition that must be satisfied by a design.
Constraints are either satisfied or they are not.

Criterion A criterion is a measurable standard or attribute of a design; for example, weight
and size are both criteria. Criteria are used to compare different possible designs and
determine which better solve the design problem.

Customer A person or organization that pays for the design either directly or through the
purchase of a product.

Decompose Decompose means to break down into simpler parts.

Design architecture The design architecture is the assignment of the functions that the
design performs to the physical building blocks of the design.

Dimension A specification of height, width, depth, or length.

Greenhouse gas A greenhouse gas is a gas in the atmosphere that traps solar radiation
and re-radiates it as heat, leading to warming of the environment.

Incremental design The incremental design process begins with an existing design that
is modified.

Infrastructure Infrastructure is the basic structures and organization needed for the op-
eration of a society. For example, the automotive transportation infrastructure is the
roads, bridges, traffic signals, traffic signs, etc. necessary to drive cars.
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Iterative An iterative process is one that may be repeated.

Model A model is a purposeful abstract representation of some aspect of a design. Types
of models include equations, physical representations, computer representations, and
other representations.

Photovoltaic Photovoltaic means that light energy is converted into electrical energy (see
also solar cell).

Problem statement A problem statement is a concise description of the problem or need
a design will address.

Prototype A prototype is a first or a preliminary model of the design or some aspect of
the design. Prototypes are often physical models, but increasingly computer models
are used as prototypes. Prototypes are used to evaluate designs and discover flaws and
weaknesses.

Regenerative brakes Brakes that slow a vehicle by converting its energy of motion into
electrical energy that can be stored in a battery.

Renewable energy Renewable energy is energy that comes from sources that are not
permanently depleted by use. For example, solar and wind energy are renewable,
while coal and oil are nonrenewable.

Root cause analysis An analysis of a problem or situation to find the real cause (root
cause) of the problem and deal with it; in the absence of a root cause analysis, people
often deal only with the symptoms of the problem.

Solar cell A solar cell is a device typically made of metal and semiconductors that converts
light energy into electrical energy.

Stakeholder A stakeholder is a person or organization who has a stake in (e.g. an interest
in or one who may be affected by) a design project. Stakeholders often include users
and customers, the design team, and the company that employs the design team.

Sustainability A sustainable solution is one that can be continued without using up non-
renewable resources.

Unfeasible A design is unfeasible if it does not meet the constraints.

Viable Viable means able to work successfully.
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4.8 Instructor Supplemental Resources

Standards

ASEE Draft Engineering Standards. This chapter is focused on “Dimension 1: En-
gineering Design” of the ASEE Corporate Members Council Draft Engineering Standards;
these draft standards will serve as input to the National Academy of Engineering process of
considering engineering standards for K-12 education. This dimension includes the following
outcomes:

o Students will develop an understanding of engineering design.

o Students will apply the engineering design process, troubleshooting, research and de-
velopment, invention and innovation, and experimentation in problem solving and
engineering design.

Common Preconceptions

The following are preconceptions and tendencies that novice designers may exhibit:

o The novice designer tends to believe that design is primarily developing creative or
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novel ideas (e.g., brainstorming), and does not understand the role or importance of
iteration, evaluation, and planning.

o Novice designers show an inability to evaluate and recognize quality ideas and to dis-
criminate between effective and ineffective design processes.

» Novice designers often have difficulty clearly defining the problem in the context of the
user’s environment and constraints.

» Novice designers often focus on a single idea without considering alternatives (often
the first idea that comes to mind).

» Novice designers are often unaware of the difference between an abstract concept and a
detailed design, and do not use appropriate tools and processes to go from the abstract
concept to the detailed design.

» Novice designers often see design as a strictly serial process and do not recognize the
need for iteration, revisiting past decisions, and evaluating alternatives.

» Novice design teams often exhibit poor team decision making.

The idea that a design is a decorative pattern may be a preconception. Students may not
understand that another meaning of design is a representation of the appearance and function
of an object before it is made.

Students may also have preconceptions about models. The most important are that models
are always physical and that models have a one to one correspondence with reality. Students
do not understand that models often leave out important aspects found in the real object or
system.

Bibliography and References

e Clive L. Dym and Patrick Little. Engineering Design: A Project-Based Introduction.
Wiley, 1999.

o Michael McCracken, Wendy Newstetter, and Jeff Chastine. “Misconceptions of Design-
ing: A Descriptive Study.” Proceedings of the 4th annual SIGCSE/SIGCUE ITiCSE
Conference on Innovation and Technology in Computer Science Education, Cracow,
Poland, 1999.

Project—Design a Solar Cooker

Goal: students will engage in the engineering design process. To the extent possible, the
emphasis in the activity should be on the process, and not on the designed artifact; students
tend to focus on the object being designed and not see that the quality of the process
determines the quality of the design. Novice designers should demonstrate awareness of
their design process and see where they have or have not used elements of the design process.
Experienced designers should follow a design process and be able to identify the strengths
and weaknesses of their process.
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This project activity is structured using the 5E Learning Cycle.

Objectives

Students will recognize that design is a process and understand that the quality of the process
affects the quality of the resulting design. Students will be able to apply each step of the
engineering design process to design a solar cooker.

Materials

The activity requires materials to build a simple solar cooker. Since the emphasis of the
activity is on the design project, it would be helpful if there is a wide range of available
materials. Possible materials could include

« Cardboard boxes (shoe box or larger size).

o Cardboard.

o White and black paint.

« Transparent materials such as plastic wrap, clear hard plastic, and glass.
o Reflective materials such as aluminum foil or unbreakable mirrors.

» Packing tape or duct tape.

o Stiff wires or skewers.

The following tools will be needed:

o Scissors
o A thermometer capable of measuring up to 250 degrees Fahrenheit.

Engage

The teacher engages the students in a discussion of how much of their environment has been
designed by humans. For example, if the class is in a building, it is a building that people
designed, engineered, and constructed. The teacher points out that almost every aspect of
modern life depends on and is affected by technological artifacts such as bridges, buildings,
vehicles, cell phones, computers, and so on. These technological artifacts are designed and
created by engineers using the engineering design process.

Students complete the first two columns of the KWL chart (What I know, What [ Want to
Know) in Table 2, indicating what they know about the design process and what they want
to learn.
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Table 4.1: KWL Chart for engage activity.

What I Know What I Want to Know What I Learned

The teacher then explains that the engineering design process is used to solve problems,
and shows examples of deforestation caused by people collecting wood to be used in cooking
fires. For example, Figure 18 shows a man carrying firewood in Mozambique. (Haiti is
another source that provides a dramatic example of the problem.) The teacher engages the
students in a discussion about alternative methods of cooking food in developing nations.
Solar energy is one potential alternate energy source; Figures 19 and 20 show two devices
that use solar energy to cook food.

Figure 4.10: A man carrying firewood in Mozambique. Firewood is the primary source of
energy for cooking food; collection of firewood in many developing countries has led to severe
deforestation.

www.ck12.org 112


http://www.ck12.org

Figure 4.11: A simple solar oven made out of a cardboard box, foil, and clear plastic.

Explore

Students are given the problem of designing a method of cooking food using solar energy as
a feasible alternative to collecting fire wood. Working in teams, they use the Internet and
other sources to collect information to understand the design characteristics necessary for a
solar cooker to be useful in a developing country. They organize and report this material to
the class.

Then students work in teams to develop a design concept and document the concept with a
detailed drawing. The idea here is that students will employ an ad hoc process that becomes
the basis for discussion as they go through the Explain process.

Explain

The design process is explained to the students using the material in this chapter; the
students are exposed to the steps of the design process. They compare and contrast the
process they used in the explore activity with the design process covered by the teacher.
They also complete the right column of their KWL chart.

Extend

Student teams go through a scaffolded design process to create and evaluate a prototype of
a solar cooker. This process need not include all of the steps described in the Introduction
to Engineering Design chapter, particularly for novice designers. As students work through
each step in the design process, some scaffolding should be provided; for example, each team
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Figure 4.12: A solar cooker and a solar water heater in India. The solar water heater is on
the roof of the building. The solar cooker is the silver dish in front of the building.

www.ck12.org 114


http://www.ck12.org

may report its work on each step to the class and receive formative feedback on their work
before moving on to the next step. In addition, the way in which each step is performed may
be tailored to the developmental levels of the students. Novice designers may be asked to
concentrate on the outcome that should be produced, while more advanced designers may be
asked to employ some or all of the tools identified it the Introduction to Engineering Design
chapter.

The following gives information on some of the design process steps that could be required
of the students.

Identify Criteria and Constraints

Students develop criteria and constraints for the problem of designing a solar cooker. Ex-
amples of possible constraints include

o Cooker can be constructed from readily available materials.
o Cooker can be constructed using simple hand tools.

Examples of possible criteria include

o Maximum temperature reached inside the cooker when it is placed in direct sunlight.
o Volume of food that can be placed in the cooker.
o Time required to cook a typical meal.

A possible variation on this section of the activity would be to have student teams indepen-
dently develop criteria and constraints, and then through class discussion create a single set
of criteria and constraints for the whole class. This would allow different teams to evaluate
their prototypes using a class-wide standard.

Generate Ideas

Students generate ideas for the design of their solar cooker. For novice designers, it may
be sufficient to use an ad hoc process to come up with two different concepts. For more
advanced students, the process and tools described in this chapter may be appropriate.

Examples of possible design concepts include

e A cardboard box with a clear plastic wrap top.

o A cardboard box with a clear plastic wrap top plus foil covered cardboard reflector is
to direct more sunlight into the box.

o A cardboard box painted black inside with a clear hard plastic top.

Select a Design
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Students use their constraints and criteria to select a design concept to use in creating their
prototype. Advanced students should use the tools and process described in this chapter.

Build a Prototype
Students create a prototype of their selected design concept.
Test the Prototype

Students test their prototype to verify that it meets the constraints and perform the exper-
iments necessary to determine how their design performs relative to the criteria.

Evaluate

Student teams present their designs and their processes to the class. Each student team’s
processes are evaluated according to the rubric in Table 3 by the teacher and by the other
students in the class. This evaluation is the basis of formative feedback to each team.

To implement the learning cycle, students could use this feedback to revise their designs and
build a second prototype. This would emphasize the iterative nature of the design process.

Table 4.2: Rubric to evaluate the overall design process as well as the steps in the

design process.

Student  Out- Strongly meets Adequately Minimally Does not meet
comes criteria meets criteria meets criteria criteria
Recognize that Gives detailed Describe most Describe some Describes — de-
design is a pro- description of steps of pro- steps of pro- sign without
cess. processes. cesses followed cesses followed describing
to design oven.  to design oven. the design
processes.

Quality of de-

Evaluates qual-

Evaluates qual-

Evaluates qual-

Does not evalu-

sign process ity of all steps ity of moststeps ity of some ate the quality
and relates this and relates this steps and re- of any steps.
to the quality of to the quality of lates this to
the resulting de- the resulting de- the quality of
sign. sign. the resulting
design.
Apply each Identifies sev- Identifies sev- Identifies sev- Does not
step:  Criteria eral criteria eral criteria eral criteria  identify sev-
and constraints and constraints; and constraints, and constraints; eral criteria
criteria and most of which some of which and constraints;
constraints are properly are properly confuses criteria
are properly formed. formed. and constraints.
formed.
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Table 4.2: (continued)

Student  Out- Strongly meets Adequately Minimally Does not meet
comes criteria meets criteria meets criteria criteria
Apply each Decomposes Uses one or two Uses ad hoc Only develops
step: Generate the overall tools(brainstormingrocesses to a single design
ideas design problem, problem decom- develop several concept.

finds solutions position, etc.) design concepts.

to subprob- to develop

lems, and several design

uses concept concepts.

combination

techniques.
Apply each Selects between Uses a tool to Uses ad hoc Does not use
step:  Select a design concepts select between processes to criteria and
design using a formal concepts; se- select between constraints to

tool with «cri- lection reflects concepts; se- select between

teria and con- some  criteria lection reflects design concepts.

straints. and constraints. some  criteria

and constraints.

Apply each Tests the proto- Tests the proto- Tests the proto- Test do not
step:Prototype  type to deter- type to deter- type to deter- reflect criteria

mine  whether
it meets all
constraints and
how it performs
relative to all
criteria.

mine  whether
it meets most
constraints and
how it performs
relative to most
criteria.

mine  whether
it meets some
constraints and
how it performs
relative to some
criteria.

and constraints.

Solar Cooker Design Project Evaluation

The following exercise provides an assessment of students’ learning of the design process.

Theresa and Jack are designing a purification system for water that can be used in parts
of the world where there is frequent flooding. They have a deadline and must work quickly
because many parts of the developing world are suffering from severe flooding and people
are getting sick drinking contaminated water. Jack feels that their first design is good and
wants to build and ship the prototype to people in need. He does not want to waste time
when lives are at stake. Theresa wants to look at several designs and then build and test a
prototype. She thinks that they might even have to refine their prototype before it is ready
for people to use. Jack argues that this process will take too much time. Use your knowledge
of the design process to craft an argument that supports either Theresa or Jack.
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Chapter 5

Connecting Science and Mathematics
to Engineering

5.1 About This Chapter

Engineering is the application of the principles of mathematics and science to the creation
or modification of components, systems, and processes (which are often referred to as a
product or an artifact) for the benefit of society. Engineers use a series of logical steps (the
engineering design process) to create such artifacts which represent a balance between
quality, performance, and cost. This chapter explores and examines the role and connections
of math and science to engineering and the need to succeed in the study of those subjects
for a professional career in engineering.

Chapter Learning Objectives

After working through this chapter, you should be able to do the following:

« Explain the goals and the nature of the fields of science, mathematics, and engineering
and the differences between them.

o Explain generally how the fields of math and science and engineering benefit from one
another as well as need one another.

o Explain what engineers in different disciplines do and the math and science they use.

« Explain the role of science and math in each step of the engineering design process.

o Describe the types of science and math that might be used by engineers in the different
engineering disciplines along with an example for the design of a product or a process.
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5.2 Case History: How Math, Science, and Engineer-
ing Led to the First Pocket Radio

Imagine that it is November 1, 1954 and Dwight “Ike” Eisenhower is president and Leo
Durocher’s Brooklyn Giants have just swept the World Series from the Cleveland Indians.
Willie Mays has become a World Series legend after making “The Catch” in center field over
his head with his back to the infield. Today, you have also just purchased a Regency TR-1
(Figure 1), the world’s first “pocket” radio. It cost $49.95 (equivalent to $400 in 2007 dollars)
with its four transistors, and you are now listening to Elvis Presley’s first hit, “That’s All
Right”. The radio is gray, weighs 12 ounces, and with a size of 3" x 5” x 1”, you could slip
it right into your pocket. This is a lot more convenient than the old vacuum tube portable
radios which were bigger, bulkier, and heavier than the new transistor radio. One of these
is an RCA 66BX, a six-tube portable radio that weighed 3 pounds and was 7”7 x 5" x 2" in
size. Where did this incredible piece of shrinking technology come from? We shall see.
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Figure 5.1: A portable transistor radio. The world’s first transistor radio, the Regency TR-1
weighed 12 ounces with dimensions of

The basic scientific knowledge necessary to develop a transistor radio started from the time
when, on December 14, 1900, German physicist Max Planck explained to the world how an
atom’s electrons behaved with a new theory called quantum mechanics. Over the next 20
years a mathematical model was developed for this theory, including an important equa-
tion called Schrodinger’s equation. From there, it was these basic principles of science and
mathematics directed toward their practical application in electrical devices that led three
researchers at Bell Labs on a race. The race was to invent a solid-state device that would
replace bulky, unreliable, and energy-consuming vacuum tubes used in consumer electronics
(such as radios) at the time. So it was that, on October 16, 1947, physicists John Bardeen,
Walter Brattain and William Shockley, applied the mathematics and science of quantum
physics to semiconductors to invent the world’s first transistor. They had created a device
that could amplify a weak electronic signal 18 times over a wide range of frequencies. For
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their efforts they received the Nobel Prize in 1956.

Now that this new device existed, how would it be used? Texas Instruments used special
materials processing techniques to make very pure semiconductor material necessary for
transistors and started manufacturing them by 1952. Using those transistors, which cost
$2.50 each ($2.50 will buy 100 million transistors on an integrated circuit today), en-
gineers at the Regency Division of IDEA (Industrial Development Engineering Associates)
of Indianapolis, Indiana, used the engineering design process to design, develop, and fabri-
cate the world’s first pocket radio. The electrical engineers at Regency used their industrial
experience and the knowledge from their education on physics, mathematics, engineering
science and electrical engineering to design a small radio; 100,000 units were manufactured.
The connections of science and math to engineering are clear. The understanding of a phe-
nomenon of the natural world, quantum physics, and the mathematical modeling of the
phenomenon promoted the insights on the electrical behavior of semiconducting materials.
It was the three researchers at Bell Labs who were searching for a solution to the well-defined
problem of poor electrical behavior of vacuum tubes that led the team to invent the tran-
sistor. It was a very practical device indeed, since materials engineers at Texas Instruments
were able to produce transistors in quantity so that another team of electrical engineers at
IDEA could design, develop, and manufacture that first pocket radio.

The above case history of the first transistor radio illustrates the interplay of math, sci-
ence, and engineering that occur in commercialization of a new device that later thrilled
the country. And it did not take long for society to realize the benefits of quantum me-
chanics, Schrédinger’s equation, and the invention of the transistor. You could see it on
some playgrounds a year after the Regency TR-1 was first merchandized. A crowd gathered
around kids that brought their dads’ pocket radios to listen to the ‘55 World Series when
the Brooklyn Dodgers beat the New Yankees in seven games. That miraculous little radio
was a reflection of the “can do” spirit of the decade of the 1950s. Engineering could make
science fiction reality. At the time cartoon detective character Dick Tracy had an imagined
video-walkie-talkie-computer wrist watch, which he used to run down the city’s criminals.
Part of it became a reality but now, a half century later, today’s high tech embodiment
of Tracy’s watch, the iPhone, can do everything Tracy’s watch did and more. Next, let us
consider the impact of technology in your own life from the exercise below.

Activity

How does technology affect you and your everyday life? Technology created by
engineers affects everyone in their daily lives, usually in subtle understated ways.
Try this exercise to explore the impact of technology with devices such as the
electric toothbrush or the microwave, as shown in Figure 2.

o Write down a short list of three or four electronic devices or gadgets that
you use everyday.
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Figure 5.2: An electric toothbrush and a microwave oven. The electric toothbrush was
invented in 1939 but not popularized until the 1990s. The microwave oven was a spin-off of
World War II radar technology and was invented in 1946.

o Write a short description of how you use them, how they affect your life,
and how your life would be affected if they had not yet been invented.

o Take a guess at what kinds of engineers were involved in helping create one
of the devices. Select one type of engineer and think about how she/he how
might have used math and science in making the device?

5.3 What Is the Role of Science and Mathematics in
Engineering?

This chapter has already introduced some ways in which science and math are connected
to engineering. The chapter will continue to explore these connections in invention, inno-
vation, education, careers, and design, as well as the impact on our daily lives. It is also
becoming clear why it is critical to prepare for engineering education in college by taking and
doing well in science and math courses throughout elementary, middle, and high school. In
fact, the single best indicator of success in graduating with a college degree in engineering,
science or math is taking courses in high school that include four years of math (at least
through trigonometry) and three years of lab science. In the remainder of this chapter, we
will now expand, articulate, detail, and exercise the engineering-math-science connection.
The techniques of mathematics and the phenomena of science are like the brushes and colors
on an artist’s palette. Just as an artist creates a new reality with his/her painting, so does an
engineer create a new reality for how individuals live in a society. We have seen an example
of this not only with the creation of the first pocket radio, but also how the reality of our
daily lives have been impacted by other artifacts such as the cell phone and the computer.
The next section will examine in greater detail the nature of the connection between math,
science, and engineering.
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What Is Engineering?

Engineering creates valued products such as the pocket radio. This is done by analyzing
the nature of a problem or a need and then applying knowledge of math and science while
completing the engineering design process to develop a solution to the design problem. A
knowledge of science (e.g., chemistry, physics, and biology) helps the engineer understand
the constraints inherent in a problem and helps the engineer develop possible approaches
for a solution. Math (e.g., algebra, geometry, calculus, computer computation) is used both
as a tool to create mathematical models that describe physical phenomena and as a tool to
evaluate the merit of different possible solutions.

The profession of engineering is more formally defined by ABET, an organization that ac-
credits college engineering programs, as “Engineering design is the process of devising a
system, component, or process to meet desired needs. It is a decision-making process
(often iterative), in which the basic sciences, mathematics, and the engineering sciences are
applied to convert resources optimally to meet these stated needs.” Within this definition,
science and mathematics are described as an essential part of the entire engineering process.
They do not act alone within this process. “Engineers apply the principles of science and
math to develop economical solutions to technical problems. Their work is the link between
perceived social needs and commercial application.” (US Department of Labor) The goals of
math and of science in engineering differ from those within the field of mathematics (where
the goal is to quantitatively represent functional relationships) or the field of science (where
the goal is to understand the natural world). In engineering, math and science are tools used
within the engineering design process. Using the design process to address a problem or an
issue leads to the solution of the problem and a product which might be a component, a
system, or a process that fulfills a need that will benefit society. All fields of engineering use
the tools of both math and science throughout all steps of the engineering design process.
Effective use of math and science are critical to creating a high-quality solution to a need
and an associated product of the process.

It often occurs that a high-quality product that comes out of an effective design process
(including math and science) is taken for granted, such as a bridge standing for decades or
centuries with no problems. Such a situation is illustrated with the Golden Gate Bridge,
which has stood for more than seven decades since it was opened on May 27, 1937 (Figure 3).
When an inferior solution comes out of a flawed design process, catastrophe may result, and
a bridge may collapse with possible loss of lives. Such an occurrence is illustrated below by
the Tacoma Narrows Bridge Collapse (Figure 3). On November 11, 1940, this bridge, located
at Puget Sound, Washington, began swaying strongly in the wind and eventually broke up
due to the resonance of the bridge which twisted until it broke up. There are mathematical
tools available to analyze for waves and resonance of structures, but they were not applied
in the design process of the bridge. This demonstrates the importance and need to broadly
explore and utilize mathematics and science appropriate to the engineering design problem
at hand.
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Figure 5.3: The Golden Gate Bridge and the Tacoma Narrows Bridge. The Golden Gate
Bridge, a signature landmark of San Francisco, had the world’s longest span when opened
May 27, 1937. The Tacoma Narrows Bridge, Puget Sound, Washington, broke up after in a
strong wind on November 11, 1940.

Activity - Impact of disaster on an industry’s design practice.

There have been many other disasters that occurred because of a flawed design
process. One is the consecutive crashes of two British Comet jets in 1954. Go to
the two web sites that describe the investigation and the resulting design changes:
http://en.wikipedia.org/wiki/De_Havilland_Comet and http://judkins.
customer.netspace.net.au/comet.htm. How did the disasters cause engineers
to change the airplane’s design?

What Is Science?

The meaning of what science is can be debated and has changed over time. It is reasonable
to think today of science as a process by which humans try to understand how the natural
world works and how it came to be that way. The branches of science most frequently used by
engineers include physics, chemistry, and biology. This is reflected by the fact that almost all
undergraduate engineering programs require students to take foundational courses in those
subjects. An example of how such science connects to engineering can be shown with the
global problem of the lack of access to clean water by populations in some of the developing
countries around the world. In developed countries turning on the bathroom faucet gives
safe and drinkable water gushing from the tap. This safe and convenient water is actually a
luxury that is not present everywhere. When it is not available, and water is not purified,
people can become sick or even die from causes such as dehydration, cholera, dysentery, and
cancer. So how have engineers figured out how to find, transport, purify, sanitize, and deliver
water to those who need it? The following example should help answer that question as well
as give a concrete example of how science connects with engineering.

Although more than half of the surface of the earth is covered with water, it is not accessible
to plants, animals, or humans because of its 3 — 4% salt content. So, can we just remove the
salt? No, because it is not so easy and can be costly. Science provides a variety of phenomena
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that can be used to desalinate water, and a few will be presented here. Chemistry tells us that
there are many ways to desalinate water. One of the ways that water can be purified is by
evaporation and condensation, which leaves the impurities in the original water. Another way
is that, in freezing water the ice leaves the impurities behind in the unfrozen liquid. Another
way is based on the fact that certain pore sizes of molecular membranes will allow water
to diffuse through the membrane under pressure while leaving behind larger complexes of
sodium and chlorine. Chemistry also has data on a variety of physical properties of water and
salt water, including the thermodynamic data of heat of evaporation, heat of condensation,
and heat of freezing. So what can be done with the different phenomena and all the data
that are available?

The first question to answer is: Are there any types of engineering fields with individuals
that work with such phenomena and data with the goal of desalinating water? The answer
is yes. Chemical engineers are trained to use such phenomena and data to design and
build large-scale processing plants for producing products such as cosmetics, antibiotics, and
gasoline as well as purified water. Today, millions of gallons of water are being desalinated
by flash evaporation, which uses evaporation and condensation phenomena, and by reverse
osmosis, which uses molecular membrane technology based on membrane diffusion principles.
A nuclear driven flash evaporation plant located on the Caspian Sea is shown in Figure 4.

Figure 5.4: Nuclear powered flash distillation desalination equipment located on the Caspian
Sea.

What Is Mathematics?

Math is utilized in a variety of ways within many fields of engineering. The most crucial
aspects of math within this field involve cost-benefit-risk analysis and the use of mathe-
matical models. “Mathematical models may include a set of rules and instructions that
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specifies precisely a series of steps to be taken, whether the steps are arithmetic, logical, or
geometric. Sometimes even very simple rules and instructions can have consequences that
are difficult to predict without actually carrying out the steps. ... Often, it is fairly easy to
find a mathematical model that fits a phenomenon over a small range of conditions ... but it
may not fit well over a wide range.” (AAAS) Given the importance of having an end result
that not only works, but also is safe and dependable, it is easy to understand why the use
of mathematical models is an invaluable aspect of the engineering design process, as well as
how these models would be applied to various steps within this process. Nearly every aspect
of mathematics can be, and is, applied to the engineering design process in some way. All
fields within engineering require an advanced knowledge of, and the ability to properly use,
many math skills, including (but not limited to) algebra, calculus, geometry, measurements,
tables and graphic representations of results, mathematical formulas, and time lines.

Activity—What kinds of science and math do engineers need to address some
of today’s global societal issues?

Consider the list of contemporary global societal issues shown in Table 1. From
the list, select two or three global issues of interest to you and write them down.
Think about them and then write about the math and science that might be
used to address each of the particular issues.

Drought in the Southwest United States.

Lack of drinkable water in many nations.

Aging bridges that are prone to collapse.

Lack of accessible and reliable public transportation.

Need for renewable energy sources.

Children and others disabled by landmines and other weapons.
Environmental polution from oil and chemical spills (Figure 5).

Need for safer cars.

Global warming from carbon emissions from burning fossil fuels (Figure 5).
Unsafe and unpleasant airports around the world.

E O 0N O W

—_

Review Questions

The following questions will help you assess your understanding of the What Is the Role of
Science and Mathematics in Engineering? section. There may be one, two, three, or even
four correct answers to each question. To demonstrate your understanding, you should find
all of the correct answers.

1. Mathematical models

(a) describe scientific phenomena
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Figure 5.5: Icebergs breaking off glaciers and an oil spill.

(b) can evaluate cost
(c) require a calculator
(d) are easier to build than physical models

2. Engineers use mathematics and science to

(a) understand the world
(b) solve problems

(¢) build models

(d) design a process

3. An example of a mathematical model is

) the budget for product development

) drawings used to design a product

) the engineering design process

(d) rate of the flow of water through a hose

(a
(b
(c

Review Answers

What Is the Role of Science and Mathematics in Engineering?

1. a,b
2. b,e,d
3.d
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5.4 How Do Math and Science Connect with Engineer-
ing in High School and College?

Preparatory High School and College Courses

Many high school and college courses are needed to prepare for an engineering education.

Precollege Courses

If a student wants to consider the possibility of pursuing a college degree in engineering,
what types of K-12 courses should he/she take? Before even entering high school, students
should investigate the admittance requirements of the universities for a student’s high school
education. Universities set guidelines of prerequisite requirements upon applying. Most
require a minimum of four years of high school mathematics, including at least the basic
math courses (algebra one and two, geometry, trigonometry, and analytical geometry), and
a minimum of four years of science, again covering at least the basic courses (chemistry,
biology, and physics). Also, along with these set requirements for course work, most reputable
engineering programs require submitting a placement exam (such as ACT or SAT) scores
and show no deficiencies in either math or science.

College Courses

Once admitted into a college engineering program students will be required to complete
a year of college math and physics (about 10 courses). This would include fundamental
science courses (Chemistry, Biology, Physics) and basic math courses (Calculus I, II, III
and Differential Equations). These are usually the minimum level required for engineers in
general, but specific engineering disciplines may require more. Most programs also require
about a semester (5 courses) of “engineering science courses” where the understandings of
math and science are directed toward broad applied science and math courses. They might
include courses such as Circuits, Statics, Dynamics, Fluids, Materials, Thermodynamics, and
Statistics. The connections of math and science to engineering in these applied courses are
quite obvious, for example, with the chemistry and differential equations used in Engineering
Thermodynamics.

Science and Mathematics Courses Connected to Engineering

Basic math and science provide the tools of mathematical techniques and science phenomena
that engineers use to address design problems related to phenomena of the natural world.
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They build on similar math and science foundational courses in high school that are in-
troductory with a lower level of math that describe natural phenomena. The college level
math and science courses provide a base for advanced math and science courses necessary
to address more complex problems in a given engineering discipline. The basic math and
science courses have also been utilized for a broad range of practical engineering applications
to develop courses that are referred to as engineering science courses such as Thermodynam-
ics, Circuits, and Fluids. For example, the Engineering Science course of Fluids is typically
taken by Chemical, Mechanical, Aerospace, and Biomedical Engineering students. That is
because the general principles of Fluids apply to fluid flow of air for airplanes as well as flow
of gases in internal combustion engines while fluid flow of liquid is used to analyze blood flow
in humans as well as flow of chemicals in chemical processing plants. Thus, the connection
of basic math and science to engineering is shown directly and unambiguously both as a
base for advanced courses as well as being integrated into broadly subscribed Engineering
Science courses. Brief descriptions of the basic math and science courses are presented here
followed by short descriptions of the most widely subscribed Engineering Science courses.

Physics. Physics is the science of matter and the interaction of matter. It describes and
predicts phenomena about matter, movement and forces, space and time, and other features
of the natural world.

Chemistry. Chemistry is the science of the phenomena about composition, structure, and
properties of matter, as well as the changes it undergoes during chemical reactions, especially
as related to various atoms, molecules, crystals, and other aggregates of matter.

Biology and Biological Sciences. Biology is the science of living organisms that describes
and predicts phenomena related to the structure, function, growth, origin, evolution, and
distribution of living things as well as the interactions they have with each other and with
the natural environment.

Calculus. Calculus is the mathematics of change which includes the study of limits, deriva-
tives, integrals, and infinite series; many disciplines in engineering address problems that
must be solved by differential calculus and integral calculus.

Differential Equations. Differential equations are equations with variables that relate the
values of the function itself to its derivatives of various orders. Differential equations are
used for engineering applications where changing quantities modeled by functions and their
rates of change expressed as derivatives are known or postulated giving solutions that are
dependent on boundary conditions.

Engineering Courses Connected to Science and Mathematics

As discussed previously, the basic math and science courses have been utilized for a broad
range of practical engineering applications to develop courses that are referred to as engi-

129 www.ckl2.org


http://www.ck12.org

neering science courses such as Thermodynamics, Circuits, and Fluids. For example, the
Engineering Science course of Fluids is typically taken by Chemical, Mechanical, Aerospace,
and Biomedical Engineering students. That is because the general principles of Fluids apply
to fluid flow of air for airplanes as well as flow of gases in internal combustion engines while
fluid flow of liquid is used to analyze blood flow in humans as well as flow of chemicals in
chemical processing plants. Thus, the connection of basic math and science to engineering
is shown directly and unambiguously both as a base for advanced courses as well as being
integrated into broadly subscribed Engineering Science courses. Brief descriptions of the
basic math and science courses are presented here followed by short descriptions of the most
widely subscribed Engineering Science courses. Similar arguments apply to other engineer-
ing science courses that are also broadly subscribed by many disciplines. The courses will
be briefly described in this section.

Dynamics. The field of dynamics uses the knowledge of classical mechanics that is con-
cerned with effects of forces on motion of objects. Engineers use the concepts in design of
any moving parts, such as for engines, machinery and motors. For example, a mechanical
engineer would have used Dynamics extensively in the design of the pneumatically powered,
multirow seed planter that was invented in 1956.

Electric Circuits. The field of circuits applies physics of electrical phenomena to the design,
analysis, and simulation of linear electric circuits and measurements of their properties. The
principles are used in circuit designs for wide ranging applications such as motors, cell phones,
and computers. For example, an electrical engineer would have used Circuits extensively in
the design in 1980 of the first circuit board with built-in self-testing technology.

Fluids. The subject of fluid mechanics uses physics of fluids to understand and predict the
behavior of gases and liquids at rest and in motion which are referred to as fluid statics and
fluid dynamics. As described previously, there are a broad set of engineering applications
including air flow for airplanes and in internal combustion engines as well as fluid flow of
liquid blood in humans as well as flow of chemicals in chemical processing plants. For
example, a chemical engineer would have used the subject of Fluids extensively in the design
of deep-draft pumping of oil from a depth of 4800 feet in the Gulf of Mexico begun in 2000.

Materials Science and Engineering. This subject utilizes the synthesis techniques of
chemistry and the characterization tools of physics, such as the atomic force microscope,
to control and characterize the properties of the structure and properties of solid materials.
The principles of materials science are broadly used by a variety of engineering disciplines
including electronics, aerospace, telecommunications, information processing, nuclear power,
and energy conversion. Applications vary from structural steels to computer microchips. A
materials engineer would have applied the principles of Materials Science extensively in the
design of synthetic skin which can act as a framework for live cells that grow into a layer of
skin while the framework is absorbed by the body.

Mechanics of Solids. This subject uses concepts and knowledge of continuum mechanics
emerging from physics and mathematics to understand and predict the behavior of solid mat-
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ter under external actions, such as external forces, temperature changes, and displacement
or strain. The principles are broadly used on a variety of topics for a number of engineering
disciplines. It is part of a broader study known as continuum mechanics. Engineers use the
principles to determine what happens when a stress is applied to a component. Concepts
are useful anytime that a component departs away from the rest shape due to stress. The
amount of departure from rest, which is initially elastic or proportional to stress, is safe as
long as the material is below its yield strength. For example, an aerospace engineer would
have used Mechanics of Solids extensively in the design of the Space Shuttle first launched
on April 12, 1981.

Statics. This is the engineering application of a branch of physics called Mechanics. It
describes bodies which are acted upon by balanced forces and torques so that they remain
at rest or in uniform motion. In statics, the bodies being studied are in equilibrium. The
equilibrium conditions are very similar in the planar, or two-dimensional, and the three-
dimensional rigid body statics. These are that the vector sum of all forces acting upon the
body must be zero; and the resultant of all torques about any point must be zero. Thus it is
necessary to understand the vector sums of forces and torques. For example, a civil engineer
would have used Statics extensively in the design of the Golden Gate Bridge in 1937.

Engineering Thermodynamics. This subject uses the concepts of science that deal with
transfer of heat and work which are used to solve engineering problems. FEngineers use
thermodynamics to calculate energies in chemical processing, to calculate the fuel efficiency
of engines, and to find ways to make more efficient systems, be they rockets, refineries, or
nuclear reactors. For example, a mechanical engineer would have used “thermo” extensively
in the design of an “alternative energy vehicle” that uses natural gas.

Activity—Differing educational focus of different engineering disciplines

Choose two or three types of engineers and describe and write down what you
think are the typical math and science classes they might take that will provide
a focus for their future professional activities.

Review Questions

The following questions will help you assess your understanding of the How Do Math and Sci-
ence Connect with Engineering in High School and College? section. There may be one, two,
three, or even four correct answers to each question. To demonstrate your understanding,
you should find all of the correct answers.

1. College engineering programs require

(a) ACT or SAT scores
(b) letters or recommendation
(c) four years of high school mathematics
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(d) an essay about engineering
2. Engineering students must be able to

(a) apply math and science to problems
(b) remember math and science problems
(¢) major in a math or science field

(d) use math and science as tools

3. If you want to become an engineer you should study

(a) mostly mathematics

(b) mostly science

(c) mathematics and science
(d) some history

4. English is as important as mathematic and science because

(a) engineers must be able to write
(b) engineers must communicate with the public
(c) engineers must communicate with coworkers
(d) engineers must be well rounded

5. Engineering requires that you understand

(a) timelines
(b) calculus
(c) geometry
(d) formulas

6. The best indicator of success in an engineering major in college is

a) overall grade point average in high school

b) taking three years of metal shop in high school

c¢) taking two computer science courses in high school

d) successfully completing four years of math courses in high school

(
(
(

Review Answers

How Do Math and Science Connect with Engineering in High School and Col-
lege?

a,c
a,d

c

a,b,c
a,b,c,d
b.d

o Ot W=
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5.5 Connecting Engineering Career Fields with Science
and Engineering

This section discusses the nature of a variety of engineering disciplines: the background,
engineering activities, and what is designed and built by engineers in the discipline.

Agricultural engineering involves the design of agricultural machinery and equipment,
the development of ways to conserve water and improve the processing of agricultural foods,
and the development of ways in which to conserve soil and water. None of this would be
possible without an understanding of geology, chemistry, and biology.

Aerospace engineers use their knowledge of physics, math, and engineering to design
and build airborne and space structures and the systems that support them. These include
airplanes, helicopters, rockets, satellites, and the space shuttle. Examples of new human-
related challenges are in designing safer and more comfortable commercial aircraft and in
designing private airplanes for the elderly and physically challenged. Aerospace engineers
typically work for organizations such as Lear, Boeing, and NASA.

Bioengineers design and develop devices and procedures that solve medical and health-
related problems by combining a knowledge of physics, chemistry, biology, and medicine
with engineering principles. They develop and evaluate systems and products such as artifi-
cial organs, prostheses, instruments, medical information systems, and health management
and care delivery systems. They work with doctors and health care specialists to design
and build components and systems that aid and improve the physical well being of humans.
These include diagnostic devices (e.g. blood sugar sensors for diabetics) and body repair
or replacement parts such as artificial hips or prosthetic legs. Examples of new challenges
include developing organ replacements and sensors to monitor body chemistry. Bioengi-
neers typically work for companies such as Medtronic, Baxter Healthcare, and Johnson and
Johnson.

Chemical engineers apply the principles of chemistry to solve design and supervise facil-
ities for the production and use of chemicals and biochemicals. They must be aware of all
aspects of chemicals manufacturing and how the manufacturing process affects the environ-
ment and the safety of the workers and consumers. Examples include desalinization plants
and semiconductor processing equipment. Examples of new human-related challenges are in
designing and building equipment for large-scale production of artificial skin and bacteria-
created antibiotics. They typically work for organizations such as Dow, DuPont, Motorola,
and Monsanto.

Civil engineers design and supervise construction of structures and infrastructure such as
roads, buildings, bridges, and water supply and sewage systems. Examples of new human-
related challenges are in providing ready access and easy mobility for the elderly and physi-
cally challenged to all structures as well as infrastructure improvements for controlling and
reducing urban environmental pollution of water and air. Civil engineers typically work
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as consultants and for architectural and city organizations such as Del Webb Houses and
the City of Phoenix. They make use of mechanics from physics in the design of roads and
structures, but also need the tools of chemistry and biology when addressing environmental
issues related to water supply and sewage.

Computer scientists and engineers design computers and the instruction sets in com-
puter programs that control systems and devices in the world around us. Examples are au-
tomobile engine controls or Internet information delivery. Examples of new human-related
challenges are in developing programs that help physically challenged for controlling the
motion of artificial limbs or for driving a car. Computer engineers work for companies such
as Microsoft, Apple, and Hewlett Packard.

Electrical engineers design and fabricate electrical and electronic devices and systems.
Examples include cell phones, televisions and skyscraper electrical delivery systems. Exam-
ples of new human-related challenges are in developing the sensors and electronics for bionic
systems such as artificial eyes and ears. Electrical engineers typically work for organizations
such as ATT, Motorola, Intel, and Medtronic.

Industrial engineers design and implement the most cost-effective organization of re-
sources (people, information, energy, materials, and machines) for manufacturing and dis-
tributing engineering services and goods. Examples of new human-related challenges are
improving safety and ergonomic design of cars for average or physically challenged individ-
uals. Industrial engineers typically work for a variety of manufacturing organizations such
as Intel, Boeing, and Honeywell.

Materials engineers design, select and improve the materials used in a wide array of
engineering applications. These include the alloys in jet engines, plastics in bicycles, ceramics
in radar equipment, composites in golf clubs, and semiconductors in cell phones. Examples
of human-related challenges are new and improved materials for leg, arm or hand prosthetics
and implants for hips and other joints. Materials engineers typically work for a variety of
organizations such as Motorola, Boeing, and Ford.

Mechanical engineers use physics principles of motion, energy and force as a basis for un-
derstanding, analyzing, designing, and building mechanical components and systems. Such
systems could include bicycles, cars, engines, and solar energy systems. New human-related
challenges could include robotically controlled artificial limbs and mechanical components
for an artificial heart. Mechanical engineers often work for organizations such as Boeing,
Intel, and Honeywell.

Nuclear engineers design and build the processes, instruments, and systems that include
radioactive materials. They might design nuclear power plants to generate electricity or to
power ships and submarines. They also might design medical devices and systems that use
trace amounts of radioactive material for diagnostic imaging and radiation treatment. This
field makes extensive use of chemistry, biology, and physics in designing for such applications.

Activity—What kinds of engineers are needed in a team to solve a specific prob-
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lem.

For each of the global societal issues in Table 1 in the What Is the Role of
Science and Mathematics in Engineering? section, decide the types of engineers
that would be needed on a team to address these issues.

Activity—What do career resources say about engineering?

The purpose of this activity is to help you compare answers about various fields in
engineering and the possible uses of math and science within these fields. Access
the occupational outlook handbook on the web site http://www.bls.gov/oco/.
On this site, click on the “A to Z Index,” and then click on the letter “E” in the
index. Take a moment to note the numerous options listed within “Engineering”
or that have “Engineering” in their title. Select the “engineers” option, and
you will be directed to a page that lists all possible career paths for a student
pursuing engineering, along with a brief description of each specialty. Examine
these career paths and then answer the following questions:

e Did you learn about any different new engineering careers or activities?

o Give an example for a single engineering career about the nature of the
work, working conditions, training requirements, employment, job outlook,
and earnings.

Review Questions

The following questions will help you assess your understanding of the Connecting Engineer-
ing Career Fields with Science and Engineering section. There may be one, two, three, or
even four correct answers to each question. To demonstrate your understanding, you should

find all of the correct answers.

1. Aerospace engineers

(a) train air traffic controllers to use up-to-date equipment

(b) design airport runways and passenger lounges

(c) teach at the Air force Academy in Colorado

(d) design and build things such as airplanes and space shuttle

2. Agricultural engineering involves

(a) designing the best layout for a farm

(b) selecting the plants that will produce the largest crop
(c) designing agricultural machinery and equipment

(d) selecting the best way to transport products to market
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3. The engineering field or fields that use a great deal of mathematics are

(a) marine engineering
(b) nuclear engineering
(c) chemical engineer

(d) industrial engineer

4. Bioengineers

(a) work with doctors and health care specialists
(b) develop devices to diagnose diseases

(¢) must have a medical degree

(d) develop health management systems

5. Most chemical engineers

(a) know how making chemicals affects the environment
(b) typically work for the military creating weapons

(c) are not responsible for their products’ safety

(d) transform gases and liquids into useful products

6. Electrical engineers

(a) write computer programs
(b) build solar energy systems
(¢) build sensors

(d) design computers

7. Mechanical engineers

(a) work on mechanical rather than human-related problems
(b) use physics principles of energy, force, and motion

(c) develop new materials for building mechanical devices
(d) none of the above

8. Civil engineers

(a) build bridges and water systems

(b) work primarily for the federal government
(c) do not need a background in biology

(d) none of the above

Review Answers

Connecting Engineering Career Fields with Science and Engineering
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5.6 Connecting Mathematics and Science to the Engi-
neering Design Process

Who Is the Client or Customer for the Designed Artifact

There are many types of societal issues which extend beyond the borders of any single state
or country that will impact the quality of many people’s lives in the future. However, in
order to address a given global issue, it has to be reconfigured into a local issue, whether
it is at the city, county, state, region, or national level. Then local action can be taken to
address a local problem, which then contributes to the solution of the global range of the
problem. For example, for the issue of Drought in the Southwest, a way to address this as
a local problem might be given by the question, “How can water be conserved in the city
of Phoenix?” Thus, the design process for a product designated for the public good requires
consideration of the scope of implementation. For example, will the designed artifact or
process address an audience of one person or many people? Do they live locally on the block
or in the town, or regionally in the county or state or contiguous states or possibly nationally
or internationally one. These issues will be considered in the exercise below.

Activity—Who is client or sponsor for a designed societal issue solution?

Select three or four topic from the list of global issues in Table 1 in the What Is
the Role of Science and Mathematics in Engineering? section that interest you.
Describe and write down who the clients or customers might be for the three or
four issues you selected.

A Streamlined Engineering Design Process

The design process begins when a client or customer has a problem or need and wants a de-
signed solution resulting in a product that meets the need or solves the problem. Sometimes,
a new product is developed from scratch which would require a new design and sometimes
innovations are used to improve existing products, in which case some aspects of an already
existed design would be modified. New products generally use an open-ended process that
rarely has a single correct solution. Instead, there are several solutions that will satisfy
desired needs with varying degrees of effectiveness. In this section, we will indicate how each
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step of the design process is connected to math and science. One of the challenges of design
is to choose from a number of possible solutions. However, a clearly defined process flow
is needed so that designs are developed to meet the needs of customer or client. We will
demonstrate how math and science connect to engineering in the engineering design process
with a simplified example to facilitate understanding. The process is usually iterative but
a single cycle will be used here since the goal is to show the math and science connection
to engineering (Figure 6). Briefly stated, the streamlined steps in the design process might
consist of the following:

 Identify a problem or a need.

o Define requirements and constraints.

o Generate ideas or brainstorm for set possible solutions.

« Use requirements and constraints to evaluate possible solutions.

e Use the chosen solution to design and build a prototype.

o Test and evaluate the prototype and modify if necessary to finalize prototype.
o Communicate the results.

Kenti y
problem or need

- Detine
Communlcate requirements &
results constraints

Brainstorm
Evaluate & test solutions

prototype

szl i Evaluate
-y solutions

Figure 5.6: A simplified engineering design process.
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Case Study—Water for a Small, Isolated Seaside Village in
an Underdeveloped Country

Let us say that there is a small village of 50 people living in a tropical climate at the desert’s
edge by the sea and named Ecologia. It is connected to the next small village 150 miles away
by a poor one-lane road that is sometimes impassable due to dust storms and bad repair.
The town lives by fishing from the ocean and by farming a small patch of vegetables, but
does have a few gasoline-powered generators to supply some electricity to the village. It is
located in the underdeveloped country of Optimicia which does not have the resources to
supply utilities such as electricity, water, and communication to the town. A single well has
supplied water to the town, but the water level is dropping and it may go dry. The village
would like to have another means of supply of water to supplement the current supply and
assure sufficient quantities for the future.

This scenario will be used with the goal being to demonstrate math and science connections
to engineering in the design process. As such, detailed numbers and calculations are not
used, so decisions and details will not be rigorous in order to simplify the example. We now
go through the steps of the design process, pointing out the connections to science and math.

Identify the Problem. An isolated village next to the ocean with 50 lower income people
has no connection to government supported utilities, the nearest town 150 miles away on a
poor road, and the village’s deep well water source that is being depleted. A new source of
water is needed.

Science connection. A civil engineer might use an instrument to monitor the well water level
to measure the rate of depletion of water.

Math connection. Mathematics could be used to develop a model for cost and availability of
current water sources (wells, monsoons, and trucked in water).

Define Requirements and Constraints. Requirements might include the purity of the
water, the rate at which water is produced, the lifetime required from a designed system,
and the fact that, since the village is off the electrical distribution grid, no utilities are
available to support the system. Constraints might include various cost limitations such as
for design, fabrication, operation, and maintenance of the system, as well as possible safety
and environmental considerations. From the sets of requirements and constraints, as well
as consideration of the context of the situation with the village, people, and environment, a
problem statement could be developed and might read as follows: “A system for producing
drinkable water will be developed which will supply the needs of 50 people such that the cost
is no greater than $2 per thousand gallons, including materials, construction, and operation
over a period of 10 years.”

Science connection. A knowledge of the science underlying the various existing techniques
is necessary so that the widest range of approaches to providing water is explored.

Math connection. Mathematical models may be used here to examine water costs for different
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systems so that a reasonable set of requirements and constraints are used in generating
the problem statement. There are mathematical models that describe costs for existing
techniques, but new models would need to be created if a new technology was devised.

Brainstorm Alternative Solutions. At this stage of the process the widest variety of
ideas and/or possible solutions needs to be explored for the design problem. These ideas
can come from many different sources: existing products, brainstormed ideas, ideas from
scientific principles, and any other approaches possible. The body of these possibilities, or
design concepts, needs to then be shaped into a component, system or process that could
fulfill the set of requirements and constraints as possible problem solutions. Some approaches
may be thrown out early if they have little potential (e.g., supplying pure water from icebergs
to a village near the equator is probably not feasible).

Science connection. A variety of solutions could be generated based on scientific principles
as shown with the following examples. Sea water can be purified by freezing, but this is not a
good approach for a village near the equator. Purifying sea water by distillation (evaporation
and condensation) could be used in a solar still or in a flash evaporation plant. Purifying
seawater by removing salt with a membrane could be done with a reverse osmosis plant.
Moving pure water to the town by new wells, by truck or by pipeline are other possible
solutions without much science.

Math connection. Mathematical models to roughly estimate costs for the various approaches
could be generated in the first portion of this step of the design process. They are also used
to predict a cost for various alternative solutions that arise during idea generation phase
and can help analyze the linkage between the science behind a technique and the cost of
implementing it with materials, fabrication or manufacturing, operation, and maintenance.
These costs then need to be normalized for the sake of comparison with other options to cost
per thousand gallons of water.

Evaluate Solutions. Potential designs are evaluated relative to the constraints and cri-
teria, and one or more are selected to be designed in detail and prototyped. The selection
is made using a structured process that requires the requirements be met and chooses the
best design according to the requirements and constraints. To continue to show math and
science connections it will be assumed that the best design was a solar still for desalination
(Figure 7). Using that choice other design steps will now be considered.

Design and Build Prototype. The selected design is developed in full detail and compo-
nents’ specific shapes and dimensions determined. Materials are selected and components are
fabricated and prototype assembled. Prototype operation and performance may be modeled
on a computer. For the hypothetical design a prototype solar still is built.

Science connection. A more detailed knowledge of the science can be created with more
accurate values of physical parameters which will also provide information that may affect
various costs for the components of the prototype. The nature of the physical phenomena
that are occurring within various components should be modeled from the viewpoint of the
science-based ideal so that performance can be evaluated when the prototype is tested.
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Math connection. Mathematical models of performance based on science phenomena will be
generated to evaluate the prototype.

Test and Evaluate prototype. Prototypes are tested to see if the design meets all re-
quirements and performs acceptably. The performance should be compared to the ideal
performance determined from mathematical modeling of the prototype. Differences between
the ideal and real performance should be analyzed and understood. The design process may
be iterated and refined to improve performance until it is acceptable. Sometimes, testing
and evaluation show that a design will not work, so that a different design concept must be
selected by returning to evaluate alternative solutions. If the hypothetical solar still meets
performance specifications and fulfills constraints then solution can be communicated

Science connection. The scientific model of operation should approximate the actual proto-
type performance; if not, then there may be science phenomena not correctly implemented
in the model or there may be other issues in construction or operation that needs to be
diagnosed to have a model that is a good predictor of performance.

Math connection. The mathematical model of operation should be tested to make certain
that the model has been constructed properly using the appropriate science and mathematics.

Communicate results. The activities and results of the design process should be docu-
mented and communicated to the appropriate client or customer.

Science connection. All steps of the design process should be documented and justification
for decisions should be made clear. The science behind the choice of the solution to the
design problem should be made clear, including factors and weights of requirements and
constraints used to select the solution.

Math connection. The mathematical model of operation should be well documented so that
a basis for performance and effectiveness of the design is demonstrated. The model should
also be documented so that the effectiveness of the design in fulfilling the client’s needs is
demonstrated.

Activity - Connecting Math and Science to the Engineering Design Process in
Addressing a Global Societal Issue or Problem

Select one issue of your choice from the list of global issues in Table 1 of the What
Is the Role of Science and Mathematics in Engineering? section. Specify and
write down the problem scenario that describes the people and their situation
who are the clients who will benefit from your design problem solution for the
chosen Societal Issue. Now explain and write down what types of engineers are
needed for the project team that will be working on the Societal Issue. Now,
as was demonstrated for the Case Study previously, describe and write down
for each step in the Simplified Design Process what is happening for the chosen
Societal Issue along with what math and science is being used and how it is being
used.
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Review Questions

Multiple Choice

The following question will help you assess your understanding of the Connecting Mathemat-
ics and Science to the Engineering Design Process section. There may be one, two, three, or
even four correct answers to each question. To demonstrate your understanding, you should
find all of the correct answers.

1.

w

10.

An important use of mathematics in engineering is to determine

(a) how much engineers should be paid for a design

(b) the price of software needed to create a design

(c) the cost of different designs of the same product

(d) how much to charge a customer who wants a design

Free Response Questions

. What role do math and science play in the creative process of engineering design?
. What impact do science and math play in designing and developing a better artifact

from the engineering design process?

How do math and science connect with engineering in the engineering design process
compared to what happens in other types of design processes (architectural, fashion,
etc.)?

How can you tell if an artifact created from a design process has considered enough
ideas from engineering, science, and math connections, and the associated variety of
possible problem solutions to ensure that a high-quality artifact has been created from
an effective design process?

. What is the role of math and science in connecting to engineering in developing char-

acteristics of a good problem definition statement?

How are math and science connections to engineering used in the steps of the engi-
neering design process? Why the steps are not always completed in order?

How does the connection of math and science to engineering affect the team decision
making processes in the engineering design process?

What role does the connection of math and science to engineering play in creating
a detailed design from implementing the major concept of the chosen solution to the
design problem?

Review Answers

Connecting Mathematics and Science to the Engineering Design Process

www.ck12.org 142


http://www.ck12.org

5.7 Vocabulary

Accredited To have been endorsed or approved officially. Undergraduate engineering pro-
grams are accredited when they meet the standards of a national board, Accreditation
Board for Engineering and Technology (ABET).

Artifact Something created or modified by humans usually for a practical purpose.
Component A distinct part or element of a larger system.
Constraint A constraint is a limitation or condition that must be satisfied by a design.

Criterion A criterion is a measurable standard or attribute of a design; for example, weight
and size are both criteria. Criteria are used to compare different possible designs and
determine which better solve the design problem.

Engineer someone who uses scientific and mathematical knowledge to solve practical prob-
lems and produce goods and processes for the benefit of society.

Engineering design process “the process of devising a system, component, or process to
meet desired needs. It is a decision-making process (often iterative), in which the basic
sciences, mathematics, and the engineering sciences are applied to convert resources
optimally to meet these stated needs.” (ABET)

Implement To successfully put into action or carry out to completion.

Innovation The process of incrementally or radically modifying an existing product, sys-
tem, or process to improve it.

Integrated circuit An electronic circuit of transistors etched onto a small piece of silicon
which is sometimes referred to as a microchip.

Invent To come up with a new, useful, and nonobvious idea, plan, explanation, theory,
principle, novel device, material, or technique which is a creation of the mind.

Invention A new and useful device, method, or process developed from study and experi-
mentation.
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Iterative Repetitive or cyclical. The engineering design process involves the completion
of project tasks or phases in repetitive cycles until a desired result is achieved.

Mathematical model The quantitative general characterization of a process, object, or
concept, in terms of mathematics, which enables relatively simple manipulation of
variables in order to determine how a process, object, or concept would behave in
different situations.

Prerequisite Something required beforehand.
Phenomenon An observable fact or event; an outward sign of working of a law of nature.

Prototype A trial working model of a design that is built to test design decisions and
identify potential problems.

Prosthesis An artificial replacement for a missing body part.

Science The observation, identification, description, experimental investigation, and the-
oretical explanation of natural or human-made phenomena.

Semiconductor A substance that conducts electricity better than an insulator but not as
well as a conductor. Silicon is a semiconductor used to make microchips.

System A group of interacting, interrelated, or interdependent elements forming a complex
whole.
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5.9 Instructor Supplemental Resources

Standards

ASEE Draft Engineering Standards This chapter is focused on “Dimension 2: Connect-
ing Science and Mathematics to Engineering” of the ASEE Corporate Members Council Draft
Engineering Standards; these draft standards will serve as input to the National Academy of
Engineering process of considering engineering standards for K-12 education. This dimension
includes the following outcomes:

o Students will develop an understanding of the essential concepts and application of
science and mathematics as they pertain to engineering design.

» Students will be able to apply concepts of science and mathematics in an engineering
design process.

Student Preconceptions about Engineering and the Math
and Science Connections

Students hold many preconceptions about who engineers are, what they do, and how science
and math connect to their activities. These preconceptions may negatively affect precol-
lege students’ decisions about considering engineering as a career, especially so for females
and minorities. Some preconceptions are discipline specific and some are for engineering in
general.

« What do engineers do? Some precollege students believe that engineers work mainly
on technical hands-on activities such as repairing cars, installing wiring, driving ma-
chines, and constructing buildings but do not work on activities such as designing
things, designing for clean water, and supervising construction.

« Who can be an engineer? Precollege students and their teachers often believe that
females and minorities less likely to succeed when they intend to go into the engineering
profession.

o Chemical engineering preconceptions. Precollege students believe that chemical
engineers principally work in their own labs; work in dirty and unsafe places; and do
not care about the environment.

e Math and science ability. Many middle and high school students believe that, in
order to succeed in studying the subjects of engineering, mathematics, or science in
college, a person must have to be very smart and/or have a talent for those subjects.

o The nerd factor. Students’ images of professionals are strongly influenced by media
stereotypes, so they think of scientists and engineers as brainy, absentminded, unkempt,
and wild-haired eccentrics. Many do not know any real scientists or engineers.
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o Financial aid. Many middle school and high school students do not think there are
resources to help support their higher education. Their lack of awareness of financial
assistance may prevent them from enrolling in engineering where there are multiple
resources such as scholarships, company internships, and undergraduate research.

o Career opportunities. In one middle school students had unrealistic career expec-
tations. A survey revealed that three-quarters of them thought they could become
scientists or engineers, but the same number also thought they could become profes-
sional athletes. With 4 million people in US STEM careers and 3,500 in professional
athletics, the odds are about 1,000 to 1 in favor of a student having a STEM career
compared to becoming a professional athlete. This seems like a good reason to consider
enrolling in math and science classes in precollege education.
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Chapter 6

A Brief History of Engineering

6.1 About This Chapter

Today, much of the world’s population lives in engineered environments. Most of us are
surrounded by technological devices that dramatically affect how we live our lives. We live
in houses whose structural, electrical, plumbing, and communications systems have been
designed by engineers. We travel in cars, trucks, trains, and airplanes; we communicate with
each other using televisions, computers, telephones, and cell phones. Engineers have played
a key role in the development of all these devices.

It is not difficult to imagine life without many of these advances; in fact, some of the world’s
poorest people live today without the benefits that we take for granted, such as clean water
and working sanitation systems, plentiful food, and electronic conveniences. Much of the
history of engineering has been directed at such problems, and we are the beneficiaries of
their solutions as well as the inheritors of unforeseen new problems that engineering solutions
have created.

The work of engineers has dramatically affected the nature of our society today as well as the
course of civilization throughout the centuries. Engineers are often seen as purely technical
individuals whose only concern is the development of new devices or structures. However,
this is far from the truth. Throughout history, engineers have worked within their societies
and have been constrained by their societies; the success or failure of engineering endeavors
often has less to do with technical issues than with nontechnical issues including economics,
social conventions, and luck.

Most modern definitions of engineering emphasize the application of knowledge of science
and math to develop useful objects, products, structures, and so forth. While this is certainly
true of modern engineers, engineering practice has historically extended beyond the use of
science and math to include the ingenuity required to make things work. Many engineering
feats of the past are even more impressive because they were achieved without a complete
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understanding of important scientific principles. Thus, for example, medieval cathedral
builders can be considered as engineers even though their scientific understanding of forces
and loads in structures was limited. Even with today’s rapid advances in knowledge, much
modern engineering practice involves solving problems that are not necessarily rooted in
math or science.

The history of the word “engineer” gives some understanding of what engineers have been in
the past. The original meaning of the word was one who constructs military engines; military
engines were devices such as catapults as well as fortifications, roadways, and bridges. This
meaning was expanded to mean one who invents or designs. The meaning of engineers as
those who plan and execute public works was established in the early 1600s.

In this chapter, we present just a small fraction of all of the historical events related to engi-
neering. Throughout history, society has been affected by the technological advances created
by engineers, and engineers and their technology have both been dramatically affected by
the societies in which they occurred. Thus, a complete history of engineering would require
a complete history of society, which is clearly beyond the scope of this chapter. Also, this
chapter focuses primarily on engineering within the western world, including the Roman
Empire, Europe, and later North America.

Chapter Learning Objectives

After working through this chapter, you should be able to do the following;:

o Give examples of how engineers have used creativity and judgment in the application
of math, science, and technology to solve societal problems.

o Explain why complex engineering problems are usually solved by teams working within
broader social structures.

« Explain how engineering progress provides new human capabilities, which in turn in-
creases engineering capabilities.

o Give examples of how engineering provides society with both intended and desirable
consequences as well as unintended and undesirable consequences.

6.2 Historical Themes

In this chapter, four themes emerge repeatedly; they have been repeated throughout the
history of engineering. Each is related to one of the Chapter learning objectives and will be
illustrated several times in this chapter. We briefly introduce these themes before beginning
the history.

Engineering requires creativity and judgment in applying math and science to solve problems.
You will recognize this theme in almost all of the engineering developments discussed in this
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chapter. Specific examples of this include development of the steam engine and the electrical
light system; in both cases, an understanding of the basic scientific principles associated with
steam power and electricity was established before engineers used these principles to develop
technology. However, understanding alone did not lead to immediate implementation of the
technology; significant effort was often required to make things work.

Complex engineering problems are usually solved by teams working within the broader societal
structures. For example, most of history’s large construction projects such as the pyramids
in ancient Egypt, the great cathedrals in Medieval Europe, or the large dams in the western
United States required extensive materials, labor, and other resources. These resources
were provided by governments, corporations, churches, or other organizations. Also, large
projects require the organization of large numbers of people. All of this was done within a
social structure.

Government is one societal structure that constantly influences engineering advances. Gov-
ernments have often provided resources for engineering projects, and have spurred develop-
ment of new technologies, including accurate clocks for measuring longitude, early computers,
military aircraft, and rockets and technology for space travel. In addition to providing re-
sources, governments have influenced technology through laws and policies. Some laws may
be implemented to protect public safety; for example, explosions of boilers in steam engines
in the late 1800s led to government regulation and safety standards. Patents represent an-
other way in which governments use laws to influence technology; a patent gives its holder
legal rights to stop others from using a particular technique or design.

As technology has progressed, it has grown more complex. Thus, many early engineering
achievements can be attributed to single individuals or small groups. However, most recent
engineering achievements have been made by multidisciplinary teams of engineers.

Engineering progress provides mew human capabilities, which in turn increase engineering
capabilities. Many technological advancements provide a foundation for further technologi-
cal advancements. For example, the development of affordable printing methods (including
movable type and the mechanical printing press) led to wider availability of books and pro-
moted literacy; this in turn led to wide dissemination of scientific knowledge which formed
the foundation of the Industrial Revolution. As another example, the development of com-
puters enabled the subsequent development of computer-aided design software, which is now
used to create even more powerful computers.

Engineering produces both intended and desirable consequences as well as unintended and
undesirable consequences. For example, the development of trucks and cars has allowed peo-
ple and goods to travel widely. However, these vehicles are a major source of air pollution,
particularly in developing nations, and these vehicles have made urban sprawl a major issue
in most major American metropolises. In today’s world, engineered systems have become
incredibly complex, and no one individual can understand all of the ramifications of a com-
plex technical system; this complexity generates uncertainty, which can lead to problems
and even disasters, particularly when circumstances or consequences cannot be foreseen by
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the engineers developing a system.

As you read this chapter, see if you can identify examples of each of these themes.

6.3 Engineering in Ancient Civilizations

This section focuses on major structures created by engineers in ancient civilizations. One
of the greatest engineering accomplishments in the ancient world, and certainly one of the
best-known, was the construction of the Egyptian pyramids. The Egyptian pyramids were
built in the period from approximately 2700 to 2200 BC. Figure 1 shows the pyramids at
Giza. Three factors were important to Egyptian engineering. The first was that the Egyptian
pharaohs were willing to devote almost unlimited time and resources to the construction of
the pyramids. There was an almost unlimited availability of skilled human labor (animals
did not provide significant labor in the pyramid construction). Second was the ability to
organize all of these workers in a very efficient way. Egyptian laborers worked under the
absolute control of a single head engineer and his subordinates. The third was that there
were sources of sandstone, limestone, and granite very close to the sites of the pyramids.
The pyramids were probably constructed using earth ramps to raise the stones to the level
necessary; the ramps were later removed. Egyptian engineers worked from plans drawn on
papyrus. Egyptian engineers had an excellent knowledge of geometry and measurement,
which is apparent from the accuracy with which the pyramids were constructed. In addition
to the pyramids, Egyptian engineers built many temples and other buildings.

Figure 6.1: The Egyptian pyramids at Giza.

The Romans are also known for their engineering works. These works include road systems,
aqueduct systems to provide drinking water, and monuments and buildings. By AD 200,
the the Roman road system included 44,000 miles of well-constructed roadway. Roman
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roads tended to follow a straight line up and down hills, rather than bending to follow level
contours. This was because the roads were primarily designed for military use and marching
soldiers, not for transportation of cargo.

The Roman aqueducts are famous engineering accomplishments as well. The Romans built
aqueducts to move water from its source in springs or rivers to Roman cities. We are familiar
with the arched bridges used to carry aqueducts across valleys; the aqueduct shown in Figure
2 is one such bridge.

Figure 6.2: The Pont du Gard is an aqueduct in the south of France constructed by the
Roman Empire.

One common theme that runs through these engineering accomplishments is that these
projects were very large, especially for the ancient civilizations in which they were pursued.
In addition to good engineering, their implementations required large commitments of re-
sources by governments to support large groups of laborers and provide significant amounts
of material. Thus, the engineers that led these projects needed skills far beyond technical
ability. They needed to understand and be able to work within the social structures of their
times to obtain the resources for their projects. They needed to understand the capabilities
of the laborers who would work on the projects.

6.4 Engineering in Medieval and Renaissance Europe

The medieval and Renaissance periods in Europe span the time from approximately AD 500
to AD 1600. Life in medieval Europe has often been characterized as the “dark ages,” which
gives the impression that there were no advances in technology or engineering. In some
aspects, this characterization is correct. For example, the elaborate water works created
by the Romans to supply their cities with potable water were not duplicated in medieval
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European cities. Neither were sanitary sewers. Thus, waterborne disease was a recurring
problem in many of these cities. However, in other aspects this characterization is not correct.
Several important engineering concepts and techniques were developed during this time
which laid the foundation for rapid technological advance during the Industrial Revolution.
Engineers developed techniques for constructing astounding buildings, including cathedrals
and castles. Engineers also improved the designs of ships, making European exploration
of the rest of the world possible. The development of the printing press and associated
type technology, as well as the development of linear perspective and engineering drawing
techniques, enabled literacy and communication of information. We consider these advances
in this section.

Buildings

One area in which engineering made significant advances was the construction of cathedrals,
castles, and other large structures. Cathedrals were built across Europe beginning in the
fourth century and continuing into the present. In medieval Europe, cathedrals were built in
the Romanesque style (in the tenth and eleventh centuries) and later in the Gothic style (in
the twelfth through sixteenth centuries). Romanesque buildings are characterized by thick
walls, round arches, and large towers. Gothic buildings are characterized by thinner walls
with large windows, pointed arches, and flying buttresses. Several technological advances
made the Gothic cathedral possible. Flying buttresses transfer the gravitational forces from
roofs and upper stories to external pillars; this allowed walls to be thin with large windows.
In addition, the use of pointed arches and ribbed vaults transfers forces to columns instead
of the walls.

Figure 3 shows the west facade of the cathedral of Notre Dame de Paris. Note the pointed
arches and the large windows. Figure 4 shows the flying buttresses that help support the
roof of the cathedral. Construction on the cathedral was begun in 1163, and the building
was not completed until 1345.

Master masons directed the construction of these cathedrals and other buildings. Master
masons supervised large groups of workers. They were the structural engineers of their day,
and, when working on military projects, were actually called engineers. They had a good
understanding of geometry and arithmetic. However, they did not have the engineering
theory used by structural engineers today (a mathematical understanding of how loads are
transferred in structures as well as the characteristics and strengths of building materials).
Instead, they often used rules of thumb, which had been developed from the experience
gained by previous generations. Often, these rules of thumb led to mistakes, and plans were
often altered to correct these mistakes.
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Figure 6.3: The west facade of the cathedral of Notre Dame de Paris.
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Figure 6.4: Flying buttresses on the cathedral of Notre Dame de Paris.

Ships

Another aspect in which engineering made significant progress in medieval Europe was the
design and construction of sailing vessels. In Scandinavia, the Viking longship reached the
height of its development during the Middle Ages. These ships were very fast; they were used
to carry cargo as well as transport Viking raiding expeditions over long distances. Longships
had a single mass that was rigged with a square sail.

Progress on sailing vessels in medieval Europe, particularly by Spain and Portugal, set the
stage for European exploration and colonization in North and South America and Africa.
The two types of sailing vessels that had the largest impact on this exploration were the
caravel and the carrack. A caravel is a small, highly maneuverable ship with two or three
masts as shown in Figure 5. A carrack is a larger ship with three or four masts and square
sails; it was large enough to carry a significant amount of cargo and to be stable on long
ocean voyages. Figure 6 shows a carrack. Christopher Columbus’ (1451-1506) small fleet
that sailed to the New World consisted of one carrack (the Santa Maria) and two caravels
(Pinta and Nina).

Moveable Type
A third advance in the Middle Ages, which may not at first be recognized as engineering,
was the development of a printing system that used movable type. The technology to print

books and make them available at a price that a large segment of the population can afford
is one of the most significant advances ever. The development of this technology has been
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Figure 6.5: A caravel is a small highly maneuverable ship with two or three masts.

called “the technical advance which facilitated every technological advance that followed it”
(Derry and Williams, 1961). Johannes Gutenberg (about 1400-1468) is often credited with
the development of movable type; however, this development, similar to many engineering
advances before and after, was not made by a single person working in isolation. Rather,
Gutenberg combined several processes that had already been developed in a novel way to
print books; his methods were further improved by those who followed him. His genius was
to combine type casting, ink, and a printing press into a system that could mass produce
books.

Before the development of movable type in the fifteenth century, almost all books were
copied by hand. A scribe toiled laboriously to create a copy of a book, often requiring a
whole year to create one. These handwritten books were so expensive that only the very
wealthy could afford them. Movable type was probably first invented in Asia. Bronze type
was in use in Korea and China in the early fifteenth century. In Europe, copper plates were
engraved to produce playing cards and illustrations; this practice was well established by the
mid-fifteenth century. Wooden type was used in the 1420s in the Netherlands.

Johannes Gutenberg was a silversmith in Mainz, Germany. He was probably aware of these
previous advances in printing and typography. In 1426, Gutenberg began printing with
individually cast metal letters; each letter was on the surface of a block. He cast these
letters using type metal, an alloy of lead, tin, and antimony. It has long been thought that
letter blocks were formed using dies (molds) of soft metal, so that in all blocks of a given
letter, the letter form would be identical. However, modern analysis suggests that the form
for each letter was individually inscribed in clay and then cast, so that each block for a
given letter was subtly different. To typeset a page of text, the letter blocks were arranged
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Figure 6.6: , a painting of the Santa Maria by Andries van Eertvelt about 1628; the Santa
Maria was a carrack.
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in rows of text, and the rows were then arranged into pages. This process is illustrated in
Figure 7. Once the page was typeset (a laborious process that could take a whole day for a
single page), it could be inked and printed as many times as necessary to create copies of a
particular page in a book.

Note that the creation of books and other material required both technology for typesetting
and technology for printing. Typesetting is the process of arranging letters and other content
(e.g., illustrations and drawings) into the desired pattern, while printing is the process of
getting the ink on the paper in the desired pattern.

Figure 6.7: Type blocks arranged into rows.

In 1455, Gutenberg used this system to print the Bible. It is believed that he printed about
180 copies. Figures 8 and 9 and show this Bible.

Gutenberg’s methods were immensely successful, and were widely copied and improved. By
1480, almost every large European city had at least one printing press. Venice emerged
as the printing capital of Europe. These early printers designed many fonts that are very
similar to those used today.

Perspective and Technical Drawing

One of the primary engineering advances of the Renaissance was the development of linear
perspective and the invention of several methods of technical drawing, including cutaway
drawings, exploded drawings, and rotated views. It may not be clear why these techniques
are such significant advances. However, these drawing techniques made it possible for en-
gineers to study mechanical systems and buildings without the need for three-dimensional
models; since a two-dimensional drawing can typically be created much more quickly than
a three-dimensional model, new drawing capabilities greatly accelerated the pace at which
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Figure 6.8: A Gutenberg bible.

Figure 6.9: A close view of a page from the Gutenberg bible. The black text was printed
using the printing press; then, the red decorations were added by hand.
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engineering work could be accomplished. These capabilities also improved the ability of
engineers and scientists to communicate ideas and concepts. Thus, they helped drive the
transformation of engineering from using rules of thumb and accumulated experience to a
discipline based on scientific principles and theory.

Several Renaissance artist-engineers are credited with the development of perspective and
technical drawing techniques. Filippo Brunelleschi (1377-1446) was a prominent architect of
the Renaissance; he designed and supervised the construction of the dome of the Cathedral
of Florence. He is credited with developing a geometrical understanding of perspective in
about 1420; his understanding of perspective was rapidly adopted by Renaissance artists. He
also invented several construction machines to help in the ambitious building construction
projects that he supervised.

Mariano di Tacopo (1382—about 1458), known as Taccola (the crow), created two books of
drawings of mechanical devices. He invented primitive forms of the cutaway and exploded
views. In a cutaway view, portions of an object that block the view of the region of interest
are cut away or removed so that the region of interest can be seen. In an exploded view, the
components of an assembly are drawn separated from each other so that each component
and its relationship with the others can be seen.

Leonardo da Vinci (1452-1519) is the best-known of these Renaissance artist-engineers. He
used drawing and text together to perform thought experiments in many areas of engineering
and science. These thought experiments include the design of a helicopter-like flying machine,
a military tank, and a bridge. da Vinci developed the form of an engineering or scientific
notebook that is used to support the process of engineering design or scientific inquiry. Figure
10 shows the design of a giant crossbow that da Vinci created.
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Figure 6.10: Drawing of the design of a giant crossbow created by Leonardo da Vinci.

6.5 The Industrial Revolution

The Industrial Revolution occupied the eighteenth and nineteenth centuries. It was a time
of sweeping technological changes, most of them developed by engineers. A primary aspect
of the Industrial Revolution is that machine power replaced human and animal power. For
example, steam engines were developed to pump water from mines, replacing human or
animal powered pumps. Also, during the Industrial Revolution, the field of engineering
continued a transition from application of rules of thumb to application of the growing body
of knowledge of science and math. During the Industrial Revolution, familiar engineering
disciplines (particularly civil engineering and mechanical engineering) began to emerge as
identifiable specializations.

There were many technical advances made during the Industrial Revolution. We briefly
consider five advances in this section: the developments of an accurate clock to measure
longitude, steam engines, automatic machinery for creating textiles, mechanical printing, and
steam-powered transportation. While there were many other technological advances during
the Industrial Revolution, these give an overview of the different processes and technologies
that became important in this era.
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Measuring Longitude

Longitude is the distance east or west of the prime meridian, an imaginary north-south line
that passes through Greenwich, England. It is measured in degrees, with positive longitudes
being east of the prime meridian and negative longitudes being west of the prime meridian.
The measurement of longitude (along with the measurement of latitude) is an essential
component of navigation. It was especially important in the 1700s as Europeans explored
the rest of the world and attempted to make accurate maps and charts. It was also important
for ships returning from long voyages; if a ship’s captain did not correctly know the ship’s
position, the ship could be run aground on reefs or rocks; many shipwrecks occurred for this
very reason.

Correctly determining longitude was a very difficult problem given the technological capa-
bilities of the early 1700s. It was considered to be so difficult but so important that in 1714,
the British Parliament passed legislation that created the Board of Longitude. The Board
of Longitude offered a prize of 20,000 pounds sterling (a significant fortune at the time) to
anyone who could develop an accurate method of determining longitude.

The simplest method of determining longitude is to determine the difference between the
time at one’s current location and the time at a known location (typically the prime meridian
at Greenwich, England). In order to know the time at Greenwich, one must have a very
accurate clock that has been set to Greenwich’s time. Then, as one travels, the clock always
tells the time at Greenwich. So one approach, and the one that was ultimately successful at
winning the longitude prize, is to develop an extremely accurate clock.

John Harrison (1693-1776) was an English clockmaker, who in a series of five designs devel-
oped a clock accurate enough to win the Longitude Prize (although the full amount of the
prize was actually never awarded to him). His clock had to maintain accurate time on long
sea voyages on which temperature, atmospheric pressure, and humidity varied dramatically.
He developed several different ingenious mechanisms as part of the clock. One was called
a grasshopper escapement. The escapement is the mechanism that converts the swing of
the pendulum into the turning of a gear by a specific amount for each swing; the gear in
turn drives the mechanism that moves the clock hands. Another mechanism invented by
Harrison was a gridiron pendulum; this was designed so that the length of the pendulum did
not change as the metal rods from which the pendulum are made expand or contract due to
changes in temperature.

John Harrison’s development of his navel chronometer was motivated by the Longitude Prize.
Because his early designs showed promise, he received funding from a clockmaker and from
the Board of Longitude to further develop them. He never received the full amount of the
prize. On several voyages, his timepieces kept time accurately enough, but the Board of
Longitude had concerns that the accuracy demonstrated by his chronometers was due to
luck and was not repeatable. Figure 11 shows the last of the chronometers that Harrison
developed.
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The development of the maritime chronometer by John Harrison is an example of a single
individual, working more or less independently, who was able to develop the technology
necessary to solve a significant societal problem. Even though his technical accomplishments
were primarily made as an individual, his work was significantly influenced by the society
in which he lived. His inventions went on to dramatically affect the future of maritime
navigation.

Figure 6.11: H5, the last in a series of maritime chronometers invented by John Harrison to
measure time accurately enough to compute longitude.

Substantial prizes to motivate progress on a technological problem have been offered often in
the recent past. In the early 1900s, the Daily Mail newspaper announced and awarded many
prizes for first events in aviation; these included the first flight across the English Channel in
1909 and the first flight across the Atlantic Ocean in 1919. The Ansari X Prize offered $10
million for the first nongovernment organization to launch a manned spacecraft into space;
this prize was won on October 4, 2004, by SpaceShipOne. Since then, the X Prize Foundation
has created several other prizes for genomics, automotive, and space accomplishments; these
have yet to be won. The Defense Advanced Research Projects Agency (DARPA) created the
grand challenge in 2004, in which vehicles without human drivers are required to navigate
increasingly more difficult courses; winning teams in 2005 and 2007 have each received prizes
of $2 million.
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Steam Engines

One of the major technological changes that began during the Industrial Revolution was
replacing water, wind, human, and animal power by machine power. This first occurred in
the development of the steam engine. The steam engine was originally developed to pump
water out of coal and metal mines. (Water collected in mines when they were sunk below
the water table of the surrounding rock.) Mechanical pumping of water could remove much
more water from a mine than humans or animals powering the pump. This allowed mines to
be made deeper. Steam engines were also used to provide power for textile mills and other
factories; this allowed mills to be located more conveniently to sources of raw materials and
labor, rather than being located by streams and rivers.

The first commercially successful steam engine was developed by Thomas Newcomen (1664—1729)
in England. His engine had a large cylinder in which a piston moved up and down. Steam
was introduced into the cylinder and created a partial vacuum as it condensed; atmospheric
pressure on the other side of the piston caused the piston to move. The piston was connected

to a rocker arm; the movement of the rocker arm could be used to drive the pump. Figure

12 shows a cutaway drawing of the engine.

Newcomen and his partner John Calley had to reach an agreement with Thomas Savery
(about 1650-1715), who had previously patented almost every imaginable use of steam power,
before being able to commercially market their invention. The first Newcomen engine was
installed in 1712. By the time the patent under which the machines were manufactured
expired in 1733, about 100 of his steam engines had been built and installed. During this
time, his design was improved so that it would run automatically. His design was very
inefficient and required a large amount of fuel; it also had a limited height to which it could
pump water. In spite of these drawbacks, it was widely adopted even after improved steam
engines became available because of its mechanical simplicity.

James Watt (1736-1819) developed an improved version of the steam engine. His engine
was much more efficient than Newcomen'’s, requiring only a quarter as much fuel, and thus
was much less costly to run. He developed a working model of the engine in 1765, but
required significant additional time to make the engine commercially successful. He received
a patent on the engine design. He partnered with Michael Boulton (1728-1809), the owner
of a successful iron factory, who provided the financial backing necessary to develop and
market his engine. His first commercial engine was installed in 1776. In 1781, he developed
a version of the engine that provided rotating motion (rather than the rocking motion of his
previous engine) that could drive factory machinery. Watt eventually became a very wealthy
man on the basis of sales of his steam engine.

The development of the steam engine was pivotal in several different areas. One was the
introduction of machines into manufacturing of textiles and other goods. In addition, the
steam engine transformed transportation; in particular, the development of the steamship
and the steam locomotive greatly increased the speed with which people could move and
increase the amount of materials and goods that could be moved. The metric unit of power
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is named after Watt. Thus, one can talk about a “100 watt” lightbulb as a bulb that uses
100 watts of (electric) power.

Textiles

One industry that was transformed by the Industrial Revolution was the creation of tex-
tiles (cloth). Before the Industrial Revolution, textile manufacture was a cottage industry;
cloth was made by people working in their homes or in small groups. After the Industrial
Revolution, cloth was made in large factories using machinery powered by water or steam
engines.

The creation of textiles involves two processes. The first, spinning, is the manufacturing
of thread or yarn from fibers such as cotton or wool. The second is weaving the thread or
yarn into fabric. Inventions in the textile industry occurred both in England and the United
States.

The first cotton mill in England was opened in 1764. Prior to this time, the majority of
cloth produced in England was wool. Cotton requires more extensive processing to create
fabric and thus was better suited to an industrial approach. In 1769, Richard Arkwright
(1733-1792) patented the water frame, a machine that used water power to spin cotton into
thread. In 1771, Arkwright installed the water frame in his cotton mill; this created one of
the first factories that was constructed to house machinery; previous factories were primarily
designed to bring workers together into one place.

These and other technological developments in the 1770s and 1780s made the British textile
industry possible and highly successful. This technology was carefully protected by the
British government; export of textile machinery was forbidden, and textile workers were
prohibited from sharing information or leaving Britain. Samuel Slater (1768-1835) was born
in England and apprenticed in a cotton factory partly owned by Richard Arkwright; during
his apprenticeship, he memorized the technical details of the factory’s machinery. He became
aware that the United States was offering to pay for information on textile manufacturing,
and in 1789 immigrated to the United States disguised as a farmer. With the financial
backing of Moses Brown, a merchant, he built America’s first waterpowered spinning mill in
Pawtucket, Rhode Island. Slater employed families, including women and children, in this
and subsequent mills that he constructed.

Slater’s acquisition and use of technological information that its original owners wished to
keep secret is an example of industrial espionage. Industrial espionage is a practice with a
long history that continues today.

One of the most famous American engineering developments associated with textiles was the
invention of the cotton gin by the inventor Eli Whitney (1765-1825) in 1792; the cotton gin
is a machine that removes seeds from cotton after it is picked. Figure 13 shows the internal
machinery of Whitney’s cotton gin. Prior to the invention of the cotton gin, this job was done
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by hand. In addition to the development of the cotton gin, Eli Whitney promoted the idea
of interchangeable parts for mechanical devices. Before the development of interchangeable
parts, each part of an object was manufactured individually and fit together in a painstaking
process. Interchangeable parts are standardized; this allows, for example, one screw in a
machine or a gun to be replaced by another screw without the need for reshaping any parts.

Figure 6.13: Internal workings of the original cotton gin developed by Eli Whitney.

Mechanical Printing

The process of setting type remained largely unchanged for 400 years after 1480. Letter
molds were cast by hand, and these molds were hand assembled into rows and pages of text.

The industrial revolution in the nineteenth century brought changes, first to the printing
processes, and then to typesetting. Friedrich Koenig (1774-1833) invented a steam-powered
printing press; the first commercial unit was sold to the London Times in 1814. This press
is shown in Figure 14. This press could make 1100 impressions per hour, which was much
faster than hand-operated presses could print; this technology facilitated the emergence of a
daily newspaper that was widely circulated and read. In 1835, the first commercial web press
was introduced; a web press prints on a continuous roll (web) of paper. In 1844, Richard
Hoe (1812-1886) in the United States developed the rotary printing press (Figure 15). This
press could print over 20,000 copies per hour.

Steam Powered Transportation

The development of the steam engine had a revolutionary effect on mining and manufactur-
ing. As human and animal power were replaced by steam power, resources and manufactured
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Figure 6.14: Steam press invented by Friedrich Koenig in 1814.

Figure 6.15: Rotary printing press invented by Richard Hoe.
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goods could be acquired more efficiently. By the end of the eighteenth century, steam en-
gines had become viable power sources for boats and trains. This in turn had a dramatic
impact on society; the ability to transport people and goods over long distances provided
significant opportunities for economic growth. It also made possible the westward expansion
of settler populations in the United States.

In the late eighteenth century, there was a significant amount of experimentation with
methods to power a ship using a steam engine. Various propulsion methods were tried;
these included paddles suspended from the rear of the boat and the screw propeller. Robert
Fulton (1765-1815) was the first to successfully develop a steamship in the United States.
In 1807, he completed construction of 146 foot-long steamboat. The boat was powered by
a 24 horse-power Boulton and Watt engine. It used wood for fuel. The boat transported
passengers and cargo between New York City and Albany, New York, much more quickly
than a sail-powered boat could. The steamboat service became very profitable for Fulton
and his financial backer, Robert Livingston (1746-1813).

The United States has an extensive network of navigable rivers. In particular, the Mississippi
River and its tributaries can be used to navigate much of the central United States. In 1811
and 1812, Fulton constructed a steamboat in Pittsburgh that traveled down the Ohio and
Mississippi rivers to New Orleans. Livingston and Fulton had obtained a monopoly on
steamboat travel in Louisiana; their steamboats were again very commercially successful.
Their steamboats were the first of many that navigated the rivers of the United States.
From 1815 through 1860, steamboats dominated transportation of goods and passengers
on rivers. Throughout this time, there were significant improvements in engineering; by
1850, many steamboats could travel at 20 miles an hour. Figure 16 shows a painting of the
steamboat Robert E. Lee; it was built in 1866, and set a record for the fastest trip between
St. Louis and New Orleans. It was destroyed in 1882 when it caught fire 30 miles outside of
New Orleans. (Boiler explosions and fires were fairly common occurrences on steamboats,
which made them a somewhat dangerous mode of transportation and led to government
safety regulations.)

As important as was the development of steam-powered ships, the development of steam-
powered railroads had a much greater effect on the United States economy in the later half of
the nineteenth century. Trains came to be the dominant mode of transport during this time.
The corporations that built and operated the railroad system were the largest corporations
during this period and created significant wealth for their owners.

The first rail locomotive was built in 1803 in England by Richard Trevithick (1771-1833).
The first railroad in England, however, did not go into service until 1825. In 1829, Robert
Stevenson (1803-1859) designed a locomotive called the “Rocket,” which had many of the
features of later steam locomotives; these include a multitubular boiler and wheels driven
by near-horizontal pistons. Figure 17 shows a drawing of the Rocket.

The first commercial railroad in the United States was the Baltimore and Ohio Company; in
1830, it opened the first 13 miles of track in the United States. By 1860, there was over 30,000
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Figure 6.16: Painting of the steamboat Robert E. Lee by August Norieri.

Figure 6.17: Drawing of the locomotive Rocket.
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miles of track in the United States. American engineers adapted British locomotive designs
to the unique constraints and problems posed by the United States. American engines were
larger and more powerful than British engines because American rail systems had steeper
grades; American tracks also had tighter curves, necessitating the design of the bogie truck.
American train tracks are not fenced, so engineers designed cow catchers on the front of the
locomotive. New engineering techniques were also developed for the construction of the rail
lines and the bridges and tunnels that they required.

One of the greater engineering feats of the industrial revolution was building the First
Transcontinental Railroad. This railroad linked Omaha, Nebraska, with Sacramento, Cali-
fornia. It was authorized by the United States federal government in 1862 and was completed
in 1869. This railroad dramatically changed travel to the western United States; before its
completion, this travel involved a journey of many months in a horse- or oxen-drawn wagon.
After its completion, the journey could be made in a week.

6.6 Rise of the Corporation

The pace of technology development increased steadily in the last half of the nineteenth
century and the first decades of the twentieth century. New technologies were involved in
the creation and growth of corporations; fortunes were made through new technological
developments.

A great change for engineering was that science began to directly inform engineering in fields
such as steelmaking, generation and distribution of electricity, and chemistry. Standards for
engineering education, which increasingly involved a university education, were developed,
and the modern engineering disciplines of Electrical and Chemical Engineering joined Civil
and Mechanical Engineering. This was coupled with the creation of engineering professional
societies.

Electricity

By 1870, scientists such as Michael Faraday (1791-1867) and James Maxwell (1831-1879)
had provided a firm theoretical understanding of electricity. Electricity was widely used
in communications—the telegraph made long-distance communication essentially instanta-
neous. Electricity was supplied to the telegraph by a battery or an inefficient generator,
which was still very expensive.

A dynamo is a machine that converts rotational energy supplied by a steam engine or
waterwheel into electrical energy. During the 1870s, dynamos were developed that pro-
vided efficient methods of generating electricity. This set the stage for the development and
widespread use of the lightbulb.

Thomas Edison (1847-1931) is generally given credit for the invention of the lightbulb in
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1878. He was a prolific inventor, developing devices such as the phonograph (shown in Figure
18), which recorded and played back sound, and a moving picture projector; he is quoted as
saying “genius is one percent inspiration and ninety nine percent perspiration.” He was not
a solitary inventor—he led a large research laboratory with over 30 scientists, engineers, and
craftsmen. His practice of using an organized research laboratory to develop new inventions
was soon adopted by many others and formed the basis of much industrial manufacturing.

Figure 6.18: Thomas Edison and an early phonograph.

Edison began the development of the lightbulb to provide a method of lighting homes and
businesses at night. His goal was to make money. The competing technologies of the time
were gas lighting and carbon arc electric lamps. Carbon arc lamps emit a very bright, harsh
light; they were not suitable for indoor lighting. Thus, one goal of Edison’s development
was creation of a light source that provided lower light levels than carbon arc lamps. To be
economically competitive, electric lighting had to be safer and cheaper than gas lights; this
imposed difficult constraints on the design of the lightbulb.

As is often the case, Edison did not invent the lightbulb from scratch. Rather, he adapted and
improved existing technologies, particularly related to the lightbulb filament and to creating
a vacuum within the lightbulb, to create a working bulb. In addition to the lightbulb, his
research lab created a system of dynamos and wiring to provide electricity to power his bulbs
in homes and businesses. In the process, they developed many devices that are still used in
modern systems, including fuses to prevent current overloads, meters to measure electricity
use, and switches to turn lights off and on. Edison’s first lighting system was installed in
New York City in 1881. Figure 19 shows one of Edison’s original lightbulbs.

Although he was hailed as the inventor of the lightbulb, Edison’s electrical system was not
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Figure 6.19: An original bulb made by Edison’s workshop in 1879.
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the technology that was ultimately used to produce and distribute electricity in most parts
of the world. Edison’s system used direct current (DC). Shortly after Edison installed his
first system, George Westinghouse (1846-1914) developed a competing system that used
alternating current (AC). The first AC current system was installed in 1886, and several
more followed in the next several years. The competition between Westinghouse and Edison
to dominate the electrical generation and distributional business was labeled “The War
of the Currents.” AC systems had significant technical advantages over DC systems, but
Edison mounted an aggressive public relations campaign that played on the public’s fears
of electrocution. In one particularly distressing case, the state of New York bought an
electric chair to execute criminals; this chair operated using AC current. Edison attempted
to name the process of being executed “being Westinghoused.” By 1892, AC became the
primary method of electrical distribution, and even Edison’s company began manufacturing
AC equipment.

The Edison General Electric Company merged with the the Thomson-Houston Electric Com-
pany to create General Electric (GE) in 1892. This company still exist today and is a leader
in many technology fields including electrical generation and distribution, aircraft engines,
medical systems, and media production and distribution.

Powered Flight

Orville Wright (1871-1948) and Wilbur Wright (1867-1912) were brothers who are credited
with having achieved the first powered flight. They built on the earlier work of many pio-
neering engineers, including Otto Lilienthal (1848-1896) and Samuel Langley (1834-1906).
They owned and operated a printing press and a bicycle shop in Dayton, Ohio. The bicycle

shop provided both funding and mechanical experience for their investigation into powered
flight.

They began serious investigation into flight in 1899. The death of Otto Lilienthal in a glider
accident in 1896 as well as other accidents involving experimental gliders convinced them
that an extremely important aspect of developing a heavier than air flying machine is un-
derstanding how to control it. They felt that the other primary issues—sufficiently powerful
engines and shaping the wings for lift—had been solved. Thus, unlike other investigators
of flight, they conducted careful experiments with kites and gliders to understand how to
create controllable airplane designs. They developed a technique of wing warping (bending
of wings) to cause the aircraft to bank and move up and down.

In 1900, the Wright brothers began experiments at Kitty Hawk, North Carolina, with gliders.
Between 1900 and 1903, they combined scientific theory with careful experiments to refine
the equation that predicted the lift of wings. In the process, they discovered that long,
narrow wings provided more lift than short, wide ones. They used this discovery in creating
their powered aircraft. They also discovered how to control an aircraft in turns—by banking
the wings and turning the nose with a vertical rudder. In 1902, they made between 700 and
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1,000 flights in gliders to confirm that they could be properly controlled. They applied for a
patent on their three axis method of control in 1903.

In the 1890s, the nascent automobile industry had developed the gasoline internal combustion
engine to the point that, by mid-1903, it was a viable power source for the Wrights planned
airplane. Their shop mechanic built an engine in six weeks. They took their airplane
to Kitty Hawk, North Carolina. After several weeks of delays necessitated by repairs of
propeller shafts, on December 17, 1903, the Wright brothers made four powered flights, the
longest of which was over 850 feet. Figure 20 shows this first powered flight.

Figure 6.20: The Wright brothers’ first powered flight.

Between 1903 and 1908, they developed the Wright flyer, which they attempted to market to
the U.S. Army. Between 1908 and 1910, they gave demonstration flights in France and the
United States. They were celebrities in France, and thousands of people gathered to watch
their airplanes fly. They incorporated the Wright company in 1909; Orville Wright sold the
company in 1915.

Neither of the Wright brothers had a formal education in engineering or science. They did
have significant technical experience from their bicycle shop, and they used the scientific
method to develop the control structures that made their airplane successful.
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Automated Typesetting

The late nineteenth and early twentieth century saw the automation of the setting of type,
much as the early nineteenth century saw the automation of the printing process. Engineers
invented machines that could cast and set type much faster than could be done by hand.
The two most successful of these machines were the Monotype and Linotype machines.

Tolbert Lanston (1844-1914) invented the Monotype casting system. This system, developed
between 1885 and 1896, cast the individual letters from molten type metal, and then arranged
the letters into rows of type. This system consisted of two parts: a keyboard, at which an
operator would select the sequence of letters and other symbols that were then punched into
a paper tape, and the typecaster, which took the paper tape and cast the appropriate letter
blocks. Figure 21 shows a Monotype keyboard with the paper tape punch. The Lanston
Monotype Machine Company was founded in 1887 and eventually manufactured machines in
both the United States and England. In 1907, the US Government Printing Office was the
largest installation of Monotype machines in the world, with 162 keyboards and 124 casters.

Figure 6.21: A keyboard for the Monotype casting system.

Ottmar Mergenthaler (1854-1899) invented the Linotype machine. The first Linotype ma-
chine was installed in the New York Tribune newspaper office in July of 1886. The Mergen-
thaler Linotype Company was founded in Brooklyn, New York, in 1889. Figure 22 shows
a Linotype machine. Using input from an operator at a keyboard, the machine assembled
matrices for an entire line of text, which was then cast in type metal as a slug.

The Monotype and Linotype machines were the primary methods of setting type until the
1950s. In the 1950s, metal type began to be replaced by photo typesetting, in which photo-
graphic processes are used to create plates with raised areas that are inked before coming in
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Figure 6.22: A Linotype type-casting system.
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contact with the paper.

Engineering as a Modern Profession

Through the middle of the nineteenth century, most engineers received training through
apprenticeships and on the job experience. In the latter third of the nineteenth century,
land-grant colleges were established, and many of these included engineering schools. These
schools provided programs of study in the established fields of Civil and Mechanical En-
gineering as well as the newer fields of Chemical and Electrical engineering. Even though
many of the great engineering accomplishments at the turn of the century were made by
craftsmen without a formal engineering education, the newly established corporate research
laboratories increasingly began hiring workers with university degrees in engineering.

In the latter half of the nineteenth century, engineers began to form trade organizations
with the purpose of increasing the stature of the engineering profession. These organizations
develop standards to distinguish professional engineers with necessary qualifications from
technicians and others without qualifications. The first of these trade organizations was the
American Society of Civil Engineers, founded in 1852. The American Institute of Mining and
Metallurgical Engineers was founded in 1871, the American Society of Mechanical Engineers
was founded in 1880, and the American Institute of Electrical Engineers was founded in
1884. These organizations often had close links with colleges and universities, and helped
define the theory and practical aspects of an engineering education.

6.7 The Early Twentieth Century

In the early twentieth century, engineering accomplishments increasingly began to affect the
lives of middle-class Americans. The automobile provided increased mobility to millions.
The development of commercial radio broadcast began the creation of a popular culture and
an American mass identity.

Henry Ford and Mass Production

Henry Ford (1863-1947) left home at 16 to work as an apprentice machinist in Detroit,
Michigan. He was later hired by the Westinghouse Company to service steam engines,
and in 1893 became the chief engineer of the Edison Illumination Company. This position
provided time and money for him to begin experimenting with vehicles powered by gasoline
internal combustion engines. Before 1903, he created several companies to produce and
market gasoline powered automobiles, but they were not economically successful.

In 1903, Henry Ford created the Ford Motor Company. His goal was to produce an affordable
and reliable car that could be purchased by an average American farmer or worker. After
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several years of experimentation and design, the Ford Company company introduced the
Model T in 1908; Figure 23 shows a Model T. In many aspects, the Model T was quite
similar to the car of today: it had a steering wheel on the left, its engine was enclosed in a
hood, and it had a windshield and rear wheel drive. Note that Henry Ford did not personally
develop the detailed design of the model T. This was done by a team of engineers with the
range of skills and expertise necessary for the project.

Figure 6.23: A restored Ford Model T.

One of the technical advances that made the Model T possible was the use of a vanadium
steel alloy with much higher strength than normal steel. However, from an engineering point
of view, the most significant innovation associated with the Model T was the production
system that allowed it to be produced and sold very economically. Between 1909 and 1913,
the Ford company adopted all of the techniques necessary for mass production using an
assembly line. These techniques include

o Use of standardized parts.

o Specialized labor—each worker performed a very specific operation in the assembly of
a Model T.

o Moving assembly line—partially assembled vehicles were moved automatically down
the line, past stations where workers added components.

Figure 24 shows the use of an assembly line to attach car bodies to the car frame. These
assembly-line techniques dramatically reduced the cost of assembling the Model T, and the
sales price of the car was repeatedly lowered. In 1909, its first full year of production, 18,000
vehicles were built; in 1915, one-half million were sold, and in 1920, the production exceeded
one million annually.
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Figure 6.24: Part of a Ford assembly line.

To retain workers in the difficult assembly-line environment, Ford paid his workers five dollars
per day, which is a very high wage for that time period. This, combined with the low price
of the Model T, meant that Ford workers could actually afford to buy the car on which
they worked. Such buying power and affordability was unprecedented. By the end of the
1920s, one in five people owned an automobile, which dramatically affected the structure of
American society.

Radio

The advent of radio, which provided live broadcast to millions of listeners simultaneously,
was a significant factor in the creation of an American national identity.

In the last several decades of the nineteenth century, physicists such as James Maxwell
(1831-1879) and Heinrich Hertz (1857-1894) developed a theoretical understanding of the
propagation of electromagnetic waves. They also experimented with methods of produc-
ing electromagnetic waves. This work was primarily for scientific purposes; they did not
anticipate practical applications of their work.

Beginning in 1894, Guglielmo Marconi (1874-1937), an Italian inventor, began experiment-
ing with radio transmitters and receivers with the goal of creating a system of “wireless
telegraphy”—a system that could transmit information much as the telegraph did, but with-
out the need for wires to connect transmitter and receiver. Similar to many engineers before
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him, he adapted and combined existing technology to form a system that could be used to
communicate between land and ships. The system allowed the transmission of Morse code,
similar to a wire-based telegraph. By 1903, he had successfully demonstrated the trans-
mission of signals across the Atlantic Ocean. On the basis of his technology, he founded
the Marconi Wireless Telegraph Company in 1900. Many of his patents in wireless technol-
ogy were challenged by Nikola Tesla (1856-1943) and others in the United States and other
countries; decisions in these cases vary from case to case and from jurisdiction to jurisdiction.

Marconi’s system allowed transmission of Morse code only. At the turn of the century,
several researchers believed that the transmission of voice and other sound by radio could be
possible. To this end, several technologies were developed that provided early demonstrations
of the concept, but ultimately were not commercially successful. A significant amount of
time and money was expended to make them practical, including a significant effort by GE,
but these efforts were unsuccessful.

The technology that was eventually successful at transmitting and receiving sound over
radio was the vacuum tube. This technology eventually enabled a whole host of electronic
developments including radar, computers, and television. The triode vacuum tube was
patented in 1906 by Lee De Forest (1873-1961). Throughout the 1910s, several corporate
research labs, including those of GE and the AT&T Bell System, worked to improve the
triode, and it quickly became the basis of radio transmitters and receivers. Figure 25 shows
an early radio receiver implemented with vacuum tubes.

Figure 6.25: An early radio receiver. The four silvery cylindrical objects along the back of
the receiver are vacuum tubes.

In 1910, De Forest used a transmitter and receivers built with triodes to broadcast perfor-
mances of two operas; this is regarded as the first public radio broadcast. The program was
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received by radio receivers and several ships in New York Harbor and in hotels around New
York; the sound quality was extremely poor.

In 1919, the Radio Corporation of America (RCA) was formed. RCA’s original purpose
was to develop radio for point-to-point communications, but David Sarnoff (1891-1971),
who was highly influential within RCA and eventually became its president, and others
soon realized that radio as a broadcast medium had significant economic potential in the
form of sales of radio receivers. However, radio broadcasts were necessary to sell radio
receivers. Westinghouse started the station KDKA in 1920. By 1922, over 600 stations were
broadcasting. At the same time, GE and Westinghouse began to manufacture home radio
receivers.

In 1926, RCA created the first network of radio stations that shared programming, creating
the National Broadcasting Company (NBC). NBC was soon followed by the Columbia Broad-
casting System (CBS) and the American Broadcasting Company (ABC). Within a decade,
the networks had developed the advertiser-supported programming format that is still used
in radio and television. The “Golden Age” of radio included programs of all types, from
music to sitcoms to adventures, supported by advertising for automobiles, home appliances,
cigarettes, and other consumer goods. By the late 1930s, four out of five US households had
a radio.

The development of radio, unlike many of the preceding engineering developments, reflects
the continuing shift from lone inventors to the work of engineers working within existing
corporations. In radio, many of the initial technical developments were made by single
inventors or small companies. But once the concepts were established, large corporations
became involved and dominated the growth of the markets and technology.

6.8 The Computer Age

Experimental computers were first developed in the 1940s, and became commercially im-
portant in the 1950s. Since then, they have become increasingly involved in almost every
component of technology.

Electronics and the Computer

The development of the computer has had as large an effect on society as any previous
engineering advance. Today, computers are involved in every aspect of our lives. They allow
instant retrieval of information from any part of the world. They monitor and control the
performance of almost every mechanical system we use, including automobiles, airplanes,
appliances; they also contrel large systems such as electric power generation and distribution
grids. Computers make cell phones and the Internet possible. The computer pervades the
creative work of artists; it provides formerly undreamed of opportunities for relaxation and
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entertainment; and it has dramatically changed the way that engineers and scientists perform
their work. In this section, we briefly review the coupled histories of the computer and the
electronics industry.

Advances in computer technology depended on developments in the electronic industry;
indeed, the advanced computing power available at low cost today is a direct consequence
of improvements and advances in the technology of electronics. Beginning in the 1910s, and
continuing through the 1950s and 1960s, the vacuum tube was the primary technology used
to implement electronic devices such as radios, televisions, and other myriad inventions.
However, tubes had several drawbacks—they were large, required large amounts of power,
and were relatively fragile.

Most of the pioneering computers designed and built in the 1940s were constructed using
vacuum tubes. These early computers were much less powerful than a typical microcontroller
that controls a modern microwave oven; the circuits for these early computers often filled
entire rooms. Vacuum tube technology was unreliable—tubes often burned out and required
replacements. In 1951, the Remington Rand Corporation delivered the first Univac I com-
puter to the US Census Bureau; eventually, more than 40 of these computers were sold at a
price of over $1 million each. Figure 26 shows a UNIVAC 1. In 1952, International Business
Machines (IBM) introduced the IBM 701. In the following decades, both of these as well as
other companies made significant profits designing and selling large mainframe computers.
(Remington Rand eventually became Sperry Rand, which later became Univac.) The design
and implementation of computers employed thousands of engineers; most of these engineers
were electrical engineers. IBM, with its large sales and service staffs, owned about 70% of
the computer market by the late 1950s. This is a position they maintained until the 1970s,
when minicomputers were introduced and dramatically cut into the market share owned by
mainframe computers.

Figure 6.26: A UNIVAC I installed at the Franklin Life Insurance Company.

In 1948, John Bardeen (1908-1991), Walter Brattain (1902-1987), and William Shockley
(1910-1989), three researchers at Bell Laboratories (a research lab of AT&T), invented the
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transistor. They were awarded the Nobel Prize for this invention in 1956. The transistor
performs the same electronic function as a vacuum tube, but since it is fabricated from
silicon and metal and requires no glass tube to contain a vacuum, it can be made much
smaller and more physically robust than a vacuum tube. A significant amount of research
and development was necessary to make the transistor commercially viable; by the early
1960s, transistors had replaced vacuum tubes in most electronic devices. This made possible
the portable transistor radio, for example.

Transistors were widely used in the design and construction of computers in the late 1950s
and early 1960s. Transistor technology allowed computers to be smaller, faster, and use less
power to operate.

A second electronics innovation that dramatically affected computers was the invention of the
integrated circuit independently by Jack Kilby (1923-2005) of Texas Instruments and Robert
Noyce (1927-1990) of Fairchild Semiconductor in 1958. The integrated circuit combined
many transistors into a single silicon chip. Chips could be cheaply and quickly manufactured
and provided many benefits to computer designers, including faster computation, lower power
consumption, smaller physical size, and lower production costs.

Integrated circuits were used in computer design beginning in the mid-1960s. They made
possible the development of the minicomputer. The first minicomputers were made by Digital
Equipment Corporation. Other minicomputer manufacturers included Data General, Wang
Laboratories, Apollo Computer, and Prime Computer. Compared to a typical mainframe
computer, minicomputers were small (about the size of a small desk) and cheap (costing tens
of thousands of dollars). Figure 27 shows a PDP-12 minicomputer. Minicomputers made
computers available to smaller companies and university research laboratories.

Finally, a new generation of personal computers was made possible by the invention of
the microprocessor. Microprocessors were invented independently and about the same time
at Texas Instruments and Intel in 1971. A microprocessor is an entire computer proces-
sor integrated on to a single chip. Figure 28 shows a Zilog Z80 microprocessor that was
manufactured in 1976. Microprocessors allowed computers to be built cheaply enough that
hobbyists could afford to build their own computers. In the mid-1970s, several companies
were founded to supply computers and computer kits to hobbyists. Apple Computer Co.
was one of these; Steve Jobs (1955-), its cofounder, quickly realized that the computer could
be used by a much larger market than hobbyists, and dramatically increased the market for
low-end computers. Figure 29 shows an Apple II, the computer that established Apple as
a player in the computer market. In 1981, IBM entered the market with the IBM personal
computer (IBM PC) and quickly became the dominant personal computer manufacturer by
marketing to business and government users; the IBM PC also played a crucial role in the
establishment of a small, new company named Microsoft.

Since the invention of the integrated circuit, the capabilities of electronics have essentially
doubled every eighteen months to two years. This is a phenomenon that has been called
Moore’s Law, named after Gordon Moore (1929-), one of the cofounders of Intel. This has
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Figure 6.27: A PDP-12 minicomputer manufactured by Digital Equipment Corporation
about 1970.
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Figure 6.28: A Zilog Z80 microprocessor manufactured in 1976.

Figure 6.29: An Apple II computer manufactured about 1980.
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resulted in the rapid evolution of the computer into today’s powerful desktop and laptop
machines. Engineers have played key roles in this evolution.

The development of the computer has dramatically affected engineering, as it has most of
modern life. Computers are now used by engineers in all phases of their work, especially
design and analysis. Computer-aided design (CAD) software is used to create designs, which
can then be fabricated using computer-controlled machinery. Electrical engineers use CAD
tools to design new computer and other circuits; the software allows engineers to manage
the complexity of designing circuits that contain over one billion transistors. Computers are
also used to analyze designs. For example, electrical engineers use computer simulators to
verify that circuit designs will operate correctly. Mechanical and civil engineers use computer
analysis tools to compute stresses and structures to ensure that the structures will not fail.

The use of computers to design and build even more powerful computers has created a
positive feedback loop. This feedback loop has accelerated the development of computer
technology.

In many cases, new computer architectures and technology were invented by small, newly
formed companies that grew explosively once they began marketing their products. The
evolution of the computer industry shows repeated occurrences of disruptive technology.
A disruptive technology is typically introduced into a new market that is not currently
being served by an existing technology. In this new market, the technology is improved
until it is superior to the original technology. The improved technology then begins to
displace the original technology and original markets. In computers, the personal computer
is an example of disruptive technology. It was introduced originally for hobbyists and home
users, and did not initially compete with larger mainframe and minicomputers. However,
as personal computer technology has improved and matured, it has replaced minicomputers
almost entirely and is beginning to replace mainframe computers for many applications.

Computerized Typesetting and Printing

The advent of the computer has had a profound effect on both typesetting and printing
processes. In terms of printing processes, the computer has begun to replace the photographic
methods that were previously used to create printing plates. Initially, the computer would
output to a film printer; the films would then be used to create printing plates. However,
now with direct to plate technology, the computer creates the printing plates directly.

Computers have had an even greater effect on every aspect of typesetting. The advent of
word processors and desktop publishing software have made it possible for most computer
users to create documents that have many of the characteristics of typeset documents. Early
word processors allowed a computer to create documents with the same output quality as
that produced with a typewriter: all characters had the same width, and only one font was
available. (The word processor did allow editing of content before the document was printed,
which was a significant advance over the typewriter.) The complexity of word processors
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rapidly increased, and word processors implemented features such as variable width fonts,
WYSIWYG (what you see is what you get), and printing to higher resolution output devices
such as laser printers and inkjet printers. These features allowed users to create documents
that looked quite similar to those that were professionally typeset; there are, however, many
features of professionally typeset text that word processors cannot duplicate. Unfortunately,
the limitations inherent in these programs has actually decreased the typesetting quality
of much of the material that is printed today; the capabilities of computer programs to do
typesetting are just beginning to approach the quality achievable by an expert typesetter.

The Boeing 777

The first powered airplane flight by the Wright Brothers in 1903 began a sequence of engi-
neering and technical innovation that has led to today’s modern commercial and military
aircraft. Significant advances along this path include

o The development of reliable and powerful engines. Initially, these engines were gasoline
powered piston engines; in the 1940s, jet engines were developed and have been since
improved to create today’s highly efficient turbofan engines.

o The development of new construction materials. Initially, airplanes were made of wood
and fabric; the development of lightweight and strong metal alloys, and more recently
the development of new composite materials, has allowed airplanes to become larger,
carry larger payloads, and use fuel more efficiently.

e The development of electronic instrumentation and actuators. Instrumentation allows
airplanes to navigate in almost any weather conditions; today’s modern airliners include
autopilots that control the plane and automatically navigate to a given destination.

e The development of a civil airline infrastructure. Airports, with their terminals that al-
low quick and efficient boarding of airplanes and handling of luggage, make commercial
passenger air traffic possible.

The design and implementation of a modern jetliner is a huge engineering task, involving
thousands of engineers in a global design and implementation effort. To illustrate modern
engineering practice in the aerospace industry, we will consider the design of the Boeing 777.

On June 7, 1995, the first Boeing 777 to carry paying passengers took off from London’s
Heathrow airport. This milestone was the culmination of over six years of work and several
billion dollars to develop and design the new airplane. Figure 30 shows a Boeing 777 landing.

The development of the Boeing 777 began in the mid-1980s. At this time, Boeing customers
(major airlines such as United, American, Delta, British Airways, etc.) indicated that they
had needs that were not met by Boeing’s aircraft that were available at that time. Boeing
considered modifying the design of the 767, but by 1989, it became apparent that this would
not meet their customers’ needs. Thus, they began the development of a new airplane—the
T7T.

187 www.ckl2.org


http://www.ck12.org

Figure 6.30: A Boeing 777 landing at Heathrow airport.

The 777 is one of the most complex airplanes ever engineered. It has over 130,000 different
parts that are manufactured by hundreds of companies around the world. The design of the
777 broke new ground in many ways: it included significant customer involvement from the
beginning, it used design build teams, CADD software was used extensively, and it included
the implementation of Boeing’s first fly-by-wire system for a commercial airplane.

Boeing included potential customers into their design process from the start. Representatives
of major airlines provided Boeing with requirements early in the design process. These airline
representatives also served on Boeing’s design-build teams.

Boeing developed the concept of the design-build team for the 777. In airliner design ef-
forts prior to the 777, engineers designed components; their designs were then passed on to
manufacturing groups, who had the responsibility to implement the designs. This was often
ineffective, because design engineers did not take manufacturing constraints into account in
their designs. A design-build team included both design engineers and manufacturing engi-
neers, so that manufacturing concerns were addressed in the design phase. The design-build
teams also had members from major airlines; airline representatives could, for example, pro-
vide information on their maintenance practices to ensure that the plane could be serviced
and repaired. The design-build teams included members from subcontracting companies
who made sure that there was clear communication between Boeing design engineers and
smaller companies that would be manufacturing many of the 777s components.

Another aspect of the 777 design process was the use of sophisticated CADD tools. Previous
to the 777, as planes were designed, the design was verified with “mockups.” A mockup is
a physical prototype whose purpose is to ensure everything fits together properly. So, for
example, wire bundles and hydraulic lines were fitted to the mockup, and then had to be
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adjusted again when the first plane was assembled.

In the 777 design process, on the other hand, a sophisticated CADD system was used; the
use of this system eliminated the need for most of the mockups, and the first 777 aircraft
assembled could actually be flown. This system included two components. The first was
Computer Graphics Aided Three-D Interface Application (CATIA), which was used to design
every part. The second was Electronic Pre-Assembly In the Computer (EPIC), which was
used to ensure that each designed part would fit properly with all of the other parts in
the aircraft; the software discovered where, for example, a particular structural component
would interfere with hydraulic lines. The CAD system allowed engineers to communicate
their designs with each other across design-build teams to make sure that designs, as they
were developed, were compatible with each other.

Not only was computer technology essential for the design of the 777, it is essential for the
777 control system, which is computer-based. In previous Boeing airliner designs, the pilots’
controls were connected by cables to hydraulic actuators that caused control surfaces to
move. In contrast, in the 777 design, the pilots’ control movements are input to a computer
system which determines electrical signals to send over wires to actuators. This fly-by-wire
system saves significant cost and weight, but requires sophisticated and reliable computer
systems to control the plane in response to the pilots’ inputs. The fly-by-wire system allows
the 777 to be flown by a crew of only two (a pilot and a copilot); without the system, a much
larger crew would be required. Figure 31 shows the cockpit of the Boeing 777. Development
of the 777 fly-by-wire system required writing and debugging millions of lines of computer
code.

Figure 6.31: The cockpit of the Boeing 777. Note that most flight information is displayed
on several computer operated displays.
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The development of the 777 is another example of how advancing computer technology has
dramatically changed the way engineers work. The use of CAD to capture designs and to
simulate the structural and mechanical characteristics has dramatically reduced the time
and expense associated with a design project. In addition, the use of computer networks to
communicate design information has made it possible for engineers that are located in many
different countries to collaborate on the same project.

6.9 Potable Water (Possible Sidebar)

Potable water is water that is clean enough to drink safely. It does not contain harmful levels
of chemical pollutants or microorganisms. Thanks to engineering efforts that began several
thousand years ago, most residents of developed countries have access to safe, clean water.
However, many residents of developing countries do not have such access, and struggle daily
with sickness and other effects of bad water. Providing water to these people is a challenge
to engineers and to the societies in which they work.

In this section, we trace some of the important historical engineering advances related to
clean water in the context of their societies. We look at supplying water to large cities in
the ancient Roman world, medieval and industrial Europe, and the modern western United
States.

One common theme that runs through all of the engineering projects discussed in this section
is that these projects were very large. Many stretched the technical capabilities of the civi-
lizations that implemented them. Their implementation required not only good engineering,
but also large commitments of funds by governments to pay large groups of laborers and
provide significant amounts of material. Throughout history, the development of clean water
supplies and sanitation systems has been primarily undertaken by governments and not by
private individuals or corporations. Thus, the engineers that led these projects needed skills
that extended far beyond the application of math and science; they needed to understand
and be able to work with governments to obtain the resources for the projects, and they
needed to understand the capabilities of the laborers who would work on the projects.

Rome

Many of the civilizations that preceded Rome developed important engineering techniques
that were later adopted by the Romans. Jerusalem was one of the first large human settle-
ments in which an engineered system supplied drinking water. Water from springs near the
city was diverted through tunnels under the city to cisterns and underground reservoirs for
storage. Neighboring civilizations, including those in present day Syria, Iraq, and Iran, used
dams, aqueducts, tunnels, and quanats to supply water.

Initially, residents of Rome got drinking water from the Tiber River and local springs and
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wells. However, as Rome grew, some of these sources of water became polluted, and they
did not provide enough water for the city. When Rome needed a reliable supply of water,
Roman engineers could use these techniques that had been developed by earlier civilizations
to supply water.

The Romans built aqueducts to move water from its source in springs or rivers to Rome.
We are familiar with the arched bridges used to carry aqueducts across valleys; the aqueduct
shown in Figure 2 is one such bridge. Perhaps less well known is that the Roman engineers
avoided building these bridges whenever possible, preferring instead to use channels in the
ground or tunnels to transport the water.

The earliest aqueduct supplying Rome was the Appis, built in 312 BC. Eventually, by about
AD 100, twelve aqueducts supplied water to the over one million people who lived in Rome;
the aqueducts had a total length of about 300 miles, with only 40 miles on arched bridges.
In addition to Rome, most other large Roman cities were supplied with potable water.

Similar to many engineering projects, the Roman engineers who planned and built the Roman
water system did not invent all of the techniques they used, but did make improvements in
these techniques. For example, the Romans developed a water-resistant cement that was
used to line aqueducts. The Romans also developed the idea of storing potable water in
reservoirs close to the water’s source, as opposed to reservoirs in the city.

Much of what we know about the Roman water system comes from the writings of Sextus
Julius Frontinus (about 40-103), who was the Roman water commissioner about AD 100. He
was clearly proud of the Roman water system and the engineering that had implemented it.
He wrote “with such an array of indispensable structures carrying so many waters, compare
if you will, the idle Pyramids or the useless, though famous works of the Greek.”

In addition to a supply of potable water, Rome had a sewer system. In this system, water
from the aqueducts along with water from streams and springs flushed human waste and
other undesirable substances through the sewers into the Tiber River. Unlike a modern
sewage system, the waste was untreated and polluted the river. Only the wealthiest private
houses were connected to the system. For those without indoor plumbing, public latrines
were available for a small price. However, many people would empty chamber pots from
upper story windows on to the street.

London

With the decline of the Roman Empire, many of the advances in supplying potable water
and in dealing with wastes were lost, particularly in northern and western Europe.

London is located on the banks of the Thames River. In the thirteenth century, it had a
population of about 40,000. By the seventeenth century, this population had grown to over
one-half million. As in Rome, Londoners initially relied on water from the river Thames and
springs and wells, but as the city grew, these resources became polluted and did not sustain
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the population.

Many engineering projects were developed to increase the water supply. In the mid-thirteenth
century, the “Great Conduit” was the first of twelve conduit systems to be built. In these
systems, water from a spring was stored in a large nearby cistern. This cistern was connected
by a pipe to another cistern up to a mile away; this second cistern had spigots to dispense
the water. From 1609 to 1613, the New River, a canal of almost 60 km, was built by Sir
Hugh Myddleton (1560-1631). This canal is still an important source of water for London
today.

As in Rome, the disposal of human and animal waste was also an issue in London throughout
its history. Impure drinking water and poor sanitation were primary causes of the devastating
plague epidemics that swept through Europe, including London, from the mid-fourteenth to
the mid-seventeenth centuries. In spite of repeated efforts by the government, the Thames
River was polluted by the sewage and other refuse that flowed into it.

In the mid-1840s, London’s Metropolitan Commission of Sewers ordered that cespits should
be closed and that house drains should be connected to the sewer system that drained into
the Thames. The increased pollution led to cholera outbreaks in 1848 and 1849. Figure
32 shows a caricature of commentary offered by Michael Faraday (1791-1867), a influential
British scientist, on the state of the river in 1855. The summer of 1858 was unusually hot,
and the Thames River, as well as many of the streams that flow through London into it,
were extremely polluted with sewage. The resulting smell was so bad that it threatened to
shut down the operation of the British government. This episode was labeled the “Great

Stink.”

The Great Stink was so bad that the Metropolitan Board of Works (which replaced the
Metropolitan Commission of Sewers) authorized its chief engineer, Joseph Bazalgette (1819-1891),
to redesign and rebuild the London sewer system. His design used 83 miles of brick-lined
sewer tunnels to move the sewage downstream of London where it was released untreated
into the Thames. The capacity of the sewer system was large enough that it is still in use
today. The London sewer system was a massive public works program.

The Western United States

Much of the western United States is arid or semiarid land. Many of the West’s major
metropolitan centers can sustain their current populations only because of large water con-
servation projects. Water conservation projects include dams to store water and canals to
distribute this water.

Most of these large water conservation projects in the West were built in the first half of the
twentieth century. Construction of these projects was a significant feat of engineering. They
all involved large budgets, large work forces, and made use of the most advanced technology
of their time. Three of these projects are the Salt River project in Arizona, the Los Angeles

www.ckl2.org 192


http://www.ck12.org

PUsCn, Ol THE LoxDDX  cialive

— - ——

FARADAY GIVING IS CARD TO FATHER THAMES;
And we hope the Dirty Fellow will consalt the leamed Professor.

Figure 6.32: A caricature of commentary on the state of the River Thames offered by Michael
Faraday in 1855.
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aqueduct in California, and Hoover dam on the Colorado River (on the Nevada/Arizona
border). We briefly describe these three projects.

The Salt River Project

The Salt River Project was begun in 1904 with the start of construction on Theodore Roo-
sevelt Dam. The Salt River flows from the mountains in eastern Arizona, through the
Phoenix metropolitan area, then joins the Gila River on the way to the Colorado River. The
Salt River is subject to both floods and droughts. Farmers whose crops were watered by the
river needed a more reliable supply of water. So they created the Salt River Valley Water
Users Association in 1903. The first major engineering project was the construction of the
Theodore Roosevelt Dam shown in a photograph from 1915 in Figure 33. Begun in 1904
and completed in 1911, this dam was the highest masonry dam in the world at the time of
its completion. It was 280 feet tall and stored 1.65 million acre feet (537 billion gallons) of
water in the Theodore Roosevelt Lake (the reservoir created by the dam). Figure 34 is a
photograph of the dam’s dedication by Theodore Roosevelt, who was president of the United
States at the time of its completion.

Figure 6.33: The Theodore Roosevelt Dam in 1915.

Three more dams (Horse Mesa, Mormon Flat, and Stewart Mountain) were added on the
Salt River below Theodore Roosevelt Dam between 1923 and 1930. Water stored by these
dams is released into the Salt River when needed, and flows downstream to the Granite Reef
diversion dam where it is channeled into canals that distribute the water throughout the
Phoenix metropolitan area. The original purpose of the Salt River Project was to supply
water for agriculture. Since the 1960s, this water has also made the rapid population growth
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Figure 6.34: President Theodore Roosevelt speaking at the dam that bears his name.

of the Phoenix metropolitan area possible; the Phoenix metropolitan area has grown to more
than 4 million people.

The Los Angeles Aqueduct

The Los Angeles aqueduct supplies the Los Angeles metropolitan area with water. The
aqueduct transports water from the Owens River in Central California to Los Angeles. It
was constructed from 1908 to 1913 by about 5000 workers at a cost of $23 million.

The engineer primarily responsible for the design and construction of the aqueduct was
William Mulholland (1855-1935). An Irish immigrant born in 1855, he arrived in Los Angeles
in 1877 and began work as a ditch maintainer. He had little formal education, but was mostly
self-taught from mathematics and engineering textbooks. He eventually became the head of
the Los Angeles Department of Water and Power, and it was in this position that he planned
and built the aqueduct. His career as an engineer was abruptly ended in 1928, when the St.
Francis Dam that he had designed and whose construction he had supervised collapsed, and
the resulting flood killed almost 500 people.

The aqueduct was a significant engineering accomplishment at the time of its construction.
It transports water for 226 miles. It has 142 tunnels whose total length is 43 miles; the
longest tunnel is the Elizabeth, which is five miles long. The aqueduct uses siphons to cross
several large valleys. The entry of the aqueduct into Los Angeles is by the cascades shown
in Figure 35.

The Los Angeles aqueduct made the rapid growth of the Los Angeles area possible, partic-
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Figure 6.35: After flowing through the aqueduct, water enters Los Angeles through these
cascades.
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ularly during the first half of the twentieth century. This came at a severe environmental
cost: the Owens River Valley was changed into a desert. Owens Lake, originally fed by the
Owens River, dried into an alkali salt flat, and dust from this flat today is an environmental
hazard. Birds once used Owens Lake as a resting area while migrating; they no longer do
so. As a result of a lawsuit settled in 2003, the Los Angeles Department of Water and Power
(which operates the Los Angeles aqueduct) was required to start allowing some water to flow
in the Owens River.

Hoover Dam

The Colorado River flows for 1440 miles from its source in the Rocky Mountains to the Gulf
of California in the Pacific Ocean, and drains an area of 244,000 square miles. It has an
average annual flow of 17.5 million acre feet; this flow varies tremendously from much lower
in drought years to much higher in flood years. The Colorado River basin includes portions
of seven states: Arizona, Colorado, California, Nevada, New Mexico, Utah, and Wyoming.
The Colorado River supplies water to more than 24 million people living in communities
inside and outside of its basin, including Los Angeles, Phoenix, Albuquerque, Las Vegas,
Salt Lake City, Denver, and San Diego. It also provides irrigation water to about 2 million
acres of land.

The Colorado River is one of the most regulated water sources in the United States, and
each state’s share of water is determined by several federal laws. To provide this water, a
system of dams and canals have been developed on the Colorado River and its tributaries.
Hoover Dam was the first of these dams and one of the largest engineering projects in the
United States.

Hoover Dam (originally called Boulder Canyon Dam) was constructed between 1931 and
1935. The dam and Lake Mead (the reservoir behind the dam) are shown in Figure 36. At
the time of its construction, it was the largest concrete structure in the world. It is 726 feet
tall, and was the tallest dam in the world when constructed. The hydroelectric power plant
at the base of the dam generates electric power; it was the largest hydroelectric power plant
in the world from 1939 to 1949.

Figure 37 shows a plan of the dam and the surrounding canyon. It shows several of the
techniques that were necessary to build the dam at the bottom of a deep canyon. Before
construction could begin on the dam, the Colorado River was diverted away from the con-
struction site. The river was diverted through four tunnels cut into the canyon walls. The
tunnels were 56 feet in diameter with concrete linings that were three feet thick. After the
tunnels were finished, two cofferdams were built, one upstream of the dam site and one
downstream of the dam site. These diverted the river through the tunnels, leaving the dam
site dry for construction.

At the time of its construction, the dam was the largest concrete structure that had been
built. This presented several challenges in the construction. One was moving the wet concrete
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Figure 6.36: An aerial photograph of Hoover Dam.

Figure 6.37: A contour map of Hoover Dam and the surrounding canyon.
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to the proper location as the dam was built. Another was cooling the concrete as it hardened
(concrete gives off heat as it sets, and if it becomes too hot, will not set properly).

Frank Crowe (1882-1946) was the engineer who directed the construction of the dam. He
invented the techniques that were used to solve many of the construction problems. Born in
1882, he attended the University of Maine from 1891 to 1895, studying Civil Engineering.
In 1905, he began work at the US Reclamation Service, and worked in dam construction for
the next 20 years; it was in this period that he began to develop the construction techniques
that would make it possible to construct Hoover Dam. In addition to his technical expertise,
he was talented at getting along with different people on different levels. According to one
co-worker, “One thing he knew was men.”

As with all developments of such magnitude, there are also issues associated with the dam.
One is that Lake Mead is slowly filling up with sediment. The Colorado River carries a
huge amount of rocks, sand, and silt that has been eroded from the land that it drains. As
the river flow slows on entering Lake Mead, this sediment settles out of the water. Recent
studies show that it is now between 30 meters and 70 meters deep. At the current rate of
sedimentation, enough sediment will accumulate to fill Lake Mead entirely within the next
few hundred years unless a method is devised to solve the sedimentation problem.

6.10 Conclusions

Throughout history, engineers have solved problems and have figured out how to make things
work. As mathematical and scientific knowledge has increased, particularly within the last
150 years, engineers have increasingly been required to apply principles from math and
science in the course of their work. In much design and development work today, advanced
understanding of a broad array of scientific disciplines is required, as is the ability to use
sophisticated and complicated computer analysis and modeling tools.

As engineered systems have become more complex, teams of engineers have grown to deal
with this complexity. Many advances in the Industrial Revolution were made by individuals
or small groups; on the other hand, the creation of a modern jetliner now requires the efforts
of thousands of people around the globe.

Engineering advances have dramatically affected society, and will continue to do so. Tech-
nological advances provide opportunities to improve society as well as risks. Engineers today
and in the future must work within the context of global societies to see that engineering
progress does not lead to negative consequences.

6.11 Vocabulary

Aqueduct A man-made channel for carrying water.
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Assembly line A system for assembling identical objects using a sequence of processes.

CADD CADD stands for computer-aided design and drafting. It is the practice of using
computer software to represent the geometry of designed objects.

Cathedral A large church building. A Cathedral is usually associated with a bishop.
Cesspi A pit or tank in the ground for the storage of human waste and other sewage.
Chronometer A device for measuring time.

Cistern A tank for holding water or other liquid.

Corporation A group of people authorized by law to act as a single entity, usually for the
purpose of making money.

Cottage Industry A manufacturing activity carried on in one’s home.

Drainage basin The region drained by a river or stream. Precipitation falling into the
drainage basin of a river will end up in the river if it does not evaporate or seep into
the ground.

Dynamo A machine that converts rotational energy such as that generated by a water
wheel or a steam engine into electrical energy.

Electromagnetic waves Waves such as light or radio waves that propagate through the
interaction of electric and magnetic fields.

Factory A building where things are manufactured.

Fly-by-wire An aircraft control system in which the setting of control surfaces (e.g., the
rudder, ailerons, and so on) is controlled by electrical signals.

Flying buttress A structure that transfers the weight loads from roofs and upper stories
to the ground in Gothic architecture.

Integrated circuit An electronic circuit of transistors etched onto a small piece of silicon
which is sometimes referred to as a microchip.

www.ck12.org 200


http://www.ck12.org

Interchangeable parts Parts that are manufactured to a particular specification so that
any one of a given part can be used in a machine or assembly.

Internal combustion engine An engine that generates power by burning a fuel inside
the engine.

Locomotive An engine for pulling trains.

Longitude The distance east or west of the prime meridian, an imaginary north-south line
that passes through Greenwich, England. It is measured in degrees.

Mainframe computer A large high-speed computer that typically supports many users
at once.

Mason A stone worker.

Microprocessor An integrated circuit that implements a computer processor that can
store and manipulate data to perform a wide variety of useful functions.

Minicomputer A computer that supports many users at once and whose computing ca-
pacity is lower than a mainframe. Minicomputers have largely been supplanted by
powerful personal computers.

Morse code A code in which letters of the alphabet are represented by patterns of long
and short bursts of sound.

Patent The exclusive rights granted by a government to an inventor to manufacture, use,
or sell an invention for a certain number of years.

Perspective A way of drawing solid objects so that their height and depth are apparent.
Piston a disk or solid cylinder that moves up and down in a larger hollow cylinder.
Potable Potable water is water that is clean enough to drink.

Printing press A machine for printing newspapers and books.

Qanat An irrigation tunnel through which water flows from an aquifer (ground water) to
a village or town.
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Reservoir A body of water, usually formed behind a dam.

Rule of thumb A general principle that may not be accurate for every situation to which
it is applied.

Semiconductor A substance that conducts electricity better than an insulator but not as
well as a conductor. Silicon is a semiconductor used to make microchips.

Siphon A pipe used to convey water through an area that is higher or lower than the
beginning and end of the siphon.

Trade organization An organization formed to promote the economic interests of a group
of people.

Transcontinental Stretching across the continent.

Transistor An electrical component made from silicon or other semiconductors that can
be used to build computers, radios, and other useful electronic devices.

Typesetting The process of arranging letters prior to printing.

Vacuum tube An electrical component that was used to create amplifiers and other useful
electrical circuits. A vacuum tube contains metal components inside a glass tube that
is sealed to exclude air or other gasses from the tube.
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6.13 Instructor Supplemental Resources

Standards

ASEE Draft Engineering Standards. This chapter is focused on “Dimension 3: The
Nature of Engineering” and “Dimension 5: Engineering and Society” of the ASEE Corporate
Members Council Draft Engineering Standards; these draft standards will serve as input to
the National Academy of Engineering process of considering engineering standards for K-12
education. These dimensions include the following outcomes:

« Students will develop an understanding of the characteristics and broad scope of engi-
neering.

« Students will be able to be creative and innovative in their thought process and actions.

o Students will develop an understanding that engineering is an ethical human endeavor
that addresses the needs of a global society.

« Students will be able to investigate and analyze the impact of engineering on a global
society.

Common Preconceptions

Engineering and Engineers

Students have little to no knowledge about what engineers do or to the range of engineering
careers open to them. They rarely know anyone who is an engineer unless that person is a
relative. Perceptions of what engineers do are limited to planning, designing, building, fixing,
and repairing things. Engineers are also perceived as male and never female. Engineers who
work with computers are viewed as hackers. All engineers are viewed as lacking social
qualities.

Technology

Students also have preconceptions of technology. They see technology as limited primarily
to computers and related to electronic devices. They do not see such simple artifacts as
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zippers or forks as technological innovations that were groundbreaking in their time. Nor,
do they see the built world as filled with engineering innovations that have served the needs
of society.

Addressing the Needs of a Global Society

Among female students in particular, the strongest preconception is that engineering does not
meet the needs of society and as a consequence students do not choose engineering careers.
This naive conception is strongly linked to the lack of knowledge about what engineers do
and the range of engineering careers available to them. Furthermore, since conceptions of
engineering are limited to building, fixing, and repairing things, as well as designing and
planning, students’ views of engineering and its reach is local rather than global. Female
students are also more likely than males to describe the products of engineering as having
just as many negative impacts on society such as bombs, as positive impacts.

Investigate and Analyze the Impact of Engineering on a Global
Society

Most people in the United States do not recognize the role of engineers in developing new
forms of energy or drugs or even working in space. These activities are seen as the work
of scientists. Furthermore, they do not understand that engineers work with scientists to
create new technologies. In a survey of the International Technology Education Association,
when students look at large-scale problems such as those relating to the environment, they
tend to focus their analysis on the scientific aspects of such problems and ignore the ethical,
economic, legal, and social components. A narrow focus in analyzing problems that impact
a global society, attributing the work of engineers to scientists and misunderstanding the
role of technology must first be addressed before students can investigate and analyze the
impact of engineering on a global society.
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