
    
      Chapter 1: Nature of Engineering
    

    
      Much of our modern society depends on engineered artifacts to function, but many members 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 members 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.
    

  
    
      Chapter 4: Introduction to Engineering Design
    

    
      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:
    

    
      	Explain what a design process is.
      

      	Explain how engineering design differs from other design processes.
      

      	Explain the different steps in the engineering design process.
      

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

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

    

    
      The Design Process
    

    
      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
    

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

      	a team 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.
    

    
      
        [image: ]
      

      
        Figure 4.1
      

      
        The floor plan of the first story of a house. Architects document their designs using such floor plans.
      

    

    
      
        [image: A design of a jet engine.]
      

      
        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.
    

    
      
        [image: ]
      

      
        Figure 4.3
      

      
          A design can be an arrangement of shapes and lines that forms a decorative pattern. This is not 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.
    

    
      Engineering Design
    

    
      Teams undertake several different types of engineering design projects. Most projects involve 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, engineered 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:
    

    
      	Incorrect or unrealistic assumptions.
      

      	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.
      

      	Poor design choices.
      

    

    
      Sometimes, poor design decisions made early in the process will make it impossible to develop 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.
    

    
      
        [image: A design process.]
      

      
        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.
    

    
      Define the problem. In the problem definition step, the needs of potential customers are investigated; potential competitors are identified and their market positions are characterized; 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 understanding 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 understand 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 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.
    

    
      
        [image: ]
      

      
        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 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.
    

    
      Review Questions
    

    
      Multiple Choice
    

    
      The following questions will help you assess your understanding of the Discovering 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.
    

    
      	Which attributes describe the engineering design process?
        
          	Creativity
          

          	Specialized knowledge of math and science
          

          	Decision making
          

          	Specialized knowledge of technology
          

        

      

      	Incremental design means that the
        
          	design process is slow
          

          	an existing product or process is modified
          

          	design is done in pieces
          

          	an existing product or process is enhanced
          

        

      

      	The design process may not produce a good product because
        
          	the team was made up of different kinds of engineers
          

          	materials were delivered too late to use
          

          	the engineers focused on attributes of the product
          

          	prototypes were not tested adequately
          

        

      

      	Which of these is used to evaluate the quality of a design?
        
          	The number of prototypes tested
          

          	The spiral design process
          

          	Criteria and constraints
          

          	The size of the engineering firm
          

        

      

      	What is the first step in the design process?
        
          	Explore possibilities
          

          	Define the problem
          

          	Select a design
          

          	Generate ideas
          

        

      

      	What is the last step in the design process?
        
          	Communicate process and results
          

          	Test and evaluate
          

          	Refine the design
          

          	Implement
          

        

      

      	A good design
        
          	does not have constraints
          

          	is not limited by criteria
          

          	meets constraints
          

          	develops criteria and constraints
          

        

      

      	
        Free Response Questions
      

      	Why are planning and evaluation as important as creativity in the design process?
      

      	What is the difference between engineering design and other types of design (architectural, fashion, etc.)?
      

    

    
      Review Answers
    

    
      The Design Process
    

    
      	a,b,c,d
      

      	b,d
      

      	d
      

      	c
      

      	b
      

      	a
      

      	c
      

    

    
      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.
    

    
      Case Study
    

    
      To provide concrete examples throughout this section, we will use a design case study. In this case study, we will follow the design process used by an intrepid team of engineers who work at a small manufacturing company to develop a product that solves some of the problems with current commuting options. At the beginning of their project, the team chose a suitable engineering name for their project: the sustainable commuter vehicle, or SCV for short.
    

    
      According to the United States Department of Transportation, in 2000, over three-fourths of the trips made to and from work were made by individuals traveling alone in a car, sport utility vehicle, or truck. In some ways, jumping in the car and going is the hallmark of modern American life. Americans prize the convenience and comfort of the modern automobile, even though it creates some serious problems.
    

    
      	Vehicles create [image: 20]% of greenhouse gas emissions in the United States and appear to be a significant contributor to future climate change. Carbon dioxide is one of the principle greenhouse gasses emitted by vehicles.
      

      	A typical American household spends more money on driving costs than it spends on food.
      

      	In most major metropolitan areas, “rush hour” (congested traffic conditions similar to those in Figure 6) now lasts six to seven hours a day.
      

      	Traffic congestion costs $63.1 billion per year. Each year, commuters stuck in traffic jams waste 2.3 billion gallons of fuel, not to mention their time or frustration.
      

    

    
      
        [image: ]
      

      
        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.
      

    

    
      Is there a way to solve some of these problems without completely giving up the comfort and convenience that we have come to expect?
    

    
      Activity
    

    
      To increase understanding of the issues faced by the engineering team, complete one or more of the following exercises that involve problems associated with
      commuting.

    

    
      
        	Research the issues associated with commuting in your area. These issues might include traffic congestion, accidents, and pollution.
        

        	Do you know anybody who commutes regularly to work alone in their automobile? Talk to them about the benefits and drawbacks associated with this.
        

        	Find information on transportation planning in your area. How much money is spent developing new roadways? How much money is spent upgrading and maintaining existing roads? Is the current road network effective?
        

        	What problems do environmental activists in your area see with the current commuting infrastructure?
        

      

    

    
      With your understanding, write a paragraph describing the commuter problem from the perspectives of the commuter, the city planner, and the environmental
      activist.

    

    
      Activity
    

    
      Spend an hour working with a team of classmates to develop a design solution to the commuter problem. Write a paragraph that describes what your team did during the hour. Then consider the following
      questions:

    

    
      
        	Did your team find a solution? If not, why not?
        

        	What processes did your team use to find solutions?
        

        	How good is your solution? How do you know whether it is good or not?
        

        	How well did you document your design process?
        

      

    

    
      In this section, we will describe the (fictional) design process used by the SCV team to address the commuting problem.
    

    
      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
    

    
      	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 vehicular 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.
    

    
      Activity
    

    
      Using your understanding of the issues associated with commuting, develop a problem statement to describe the problem that the design team should
      solve.

    

    
      On the basis of the research that they performed, the design team defined their design problem to be “Design a commuter vehicle that is environmentally friendly, acceptable to a typical commuter, and compatible with existing transportation infrastructure.”
    

    
      The design team also expanded this problem statement to make it more informative as follows. Environmentally friendly means that the vehicle produces as little pollution and greenhouse gases as possible and uses sources of renewable energy. Acceptable to the commuter means that the vehicle is convenient (does not require the commuter to wait), comfortable, and affordable. Compatible with existing infrastructure means that the vehicle does not require changing roads, bridges, etc., and does not require the development of a new fuel distribution system.
    

    
      Identify Criteria and Constraints
    

    
      The problem statement is used as a starting point to develop an understanding of the characteristics 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.
    

    
      Activity
    

    
      Using your problem statement or the one developed by the design team, develop criteria and constraints that could be applied to decide whether a potential commuter vehicle design is good or
      not.

    

    
      From the problem statement, the SCV design team identified criteria and constraints that would apply to their design. They identified the following constraint:
    

    
      	Does not require new transportation infrastructure.
      

    

    
      They identified the following criteria:
    

    
      	The amount of pollution and greenhouse gases emitted per mile traveled by a commuter.
      

      	The percent of the energy used from renewable sources.
      

      	The convenience for the commuter.
      

      	The comfort of the commuter.
      

      	The cost to use the vehicle for five years (includes the purchase price, maintenance, and fuel).
      

    

    
      Activity
    

    
      Compare your criteria and constraints with the ones developed by the design team. What are the strengths of your criteria when compared to the design team’s? What are the
      weaknesses?

    

    
      Are each of your criteria measurable? Does each accurately reflect the problem
      statement?

    

    
      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.
    

    
      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.
    

    
      Activity
    

    
      Think of as many subproblems as you can for the SCV.

    

    
      The SCV team broke the overall problem into subproblems as shown in Figure 7. Each of the subproblems is simpler to approach than the whole problem. The energy source is how the vehicle gets energy to move; for example, the energy source for a regular car is gasoline. The vehicle configuration is the number of wheels on the vehicle and where they are placed relative to the driver. The drive mechanism transforms energy into the locomotion of the vehicle.
    

    
      
        [image: ]
      

      
        Figure 4.7
      

      
        Decomposition of the commuter vehicle problem into three some problems: energy, configuration, and drive mechanism.
      

    

    
      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.
    

    
      Activity
    

    
      Identify sources of information that you could use to find ideas for your subproblems. Use one these resources to develop a list of potential solutions to one of your
      subproblems.

    

    
      The design team researched externally to find potential energy sources for their commuter vehicle. They discovered the following energy sources:
    

    
      	Solar energy converted into electricity using photovoltaic solar cells. This is the power source used by the Mars rover Sojourner (Figure 8).
      

      	Nuclear energy
      

      	Wind Energy converted into electricity using a turbine and generator. This might be a smaller version of a wind turbine such as that shown in Figure 9.
      

      	Human power.
      

      	Gasoline, a nonrenewable fossil fuel.
      

      	A fuel cell that converts hydrogen and oxygen into electricity. Figure 10 shows the fuel cell that provides power to the Toyota Fuel Cell Hybrid Vehicle (FCHV).
      

      	Ethanol made from corn or other plants; ethanol can typically be used like gasoline with only slight modification to the car’s fuel system.
      

    

    
      After some reflection, the team discarded nuclear energy and a fuel cell as being unfeasible given the current state of technology.
    

    
      
        [image: ]
      

      
        Figure 4.8
      

      
        The rover Sojourner on the surface of Mars. The flat black panel on the rover’s top is a panel of photovoltaic solar cells that provided power for 83 days.
      

    

    
      
        [image: ]
      

      
        Figure 4.9
      

      
         Large wind turbines on a wind farm in Iowa. These turbines use the wind’s energy to generate electricity.
      

    

    
      
        [image: ]
      

      
        Figure 4.10
      

      
        The Toyota Fuel Cell Hybrid Vehicle is powered by a fuel cell that generates electricity from hydrogen and oxygen. The fuel cell is still experimental technology that is currently extremely expensive, but shows promise for the future.
      

    

    
      The team also searched for possible drive mechanisms. They settled on three types:
    

    
      	A clutch, gearbox, and drive shaft similar to the drive train used for most manual transmission, rear wheel drive automobiles.
      

      	Electric motors that are located in the hubs of each wheel and drive each wheel directly. Figure 11 shows a bicycle hub that contains an electric motor; electric motors can also be put in the hubs of car wheels.
      

      	A chain drive similar to that used in motorcycles and bicycles. Figure 12 shows a motorcycle chain drive.
      

    

    
      
        [image: ]
      

      
        Figure 4.11
      

      
        This bicycle hub contains an electric motor that moves the bicycle.
      

    

    
      
        [image: ]
      

      
        Figure 4.12
      

      
        This chain drive transmits power from the motorcycle engine to its rear wheel.
      

    

    
      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.
    

    
      
        [image: ]
      

      
        Figure 4.13
      

      
        Students write their ideas on white boards during a brainstorming session.
      

    

    
      Activity
    

    
      Brainstorm ideas that could solve one of your subproblems.

    

    
      To solve the vehicle configuration subproblem, the design team brainstormed several possible configurations; a configuration is an arrangement of wheels around the passenger compartment. They brainstormed four different configurations, each have between one and four wheels. After brainstorming the configurations, they found photographs online to represent each configuration. These photographs are presented in Figure 14. After reflection, the team discarded the one wheel configuration as being unfeasible. They noted that both two-wheel configurations would require some method of balancing, but kept them both because there are existing vehicles that use each configuration.
    

    
      
        [image: ]
      

      
        Figure 4.14
      

      
        Possible solutions to the subproblem of configuring the wheels around the passenger.
      

    

    
      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.
    

    
      
        [image: The concept combination table for the commuter vehicle.]
      

      
        Figure 4.15
      

      
        The 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.
    

    
      
        [image: ]
      

      
        Figure 4.16
      

      
        The concept combination table is used to generate a particular possible design.
      

    

    
      
        [image: ]
      

      
        Figure 4.17
      

      
        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.
    

    
      Activity
    

    
      Using the solutions to subproblems that you have developed in previous activities, create a concept combination table for the problem. Use your concept combination table to generate five or six design concepts. Sketch each of your
      concepts.

    

    
      The design team used the concept combination table to develop six concepts.
    

    
      Concept 1: The design in Figure 17.
    

    
      Concept 2: The energy source is a combination of solar cells and wind energy; the solar cells and wind turbines are installed at centrally located municipal charging stations and used to charge batteries. The vehicle configuration is a small, three-wheeled car with an enclosed passenger cabin that seats two people. The drive mechanism is wheel hub motors installed in the three wheels, with energy supplied to the motors from the charged batteries; these motors use regenerative braking to recover energy as the vehicle slows down.
    

    
      Concept 3: This concept combines a gas engine with a four-wheeled configuration and a clutch, gearbox and drive shaft to form a traditional automobile. To be attractive as an alternative commuter vehicle, this design would be a two-seater subcompact.
    

    
      Concept 4: This concept is the same as Concept 3, except that the engine is run on ethanol. Thus, Concept 4 is a small, two-seater alternative fuel vehicle.
    

    
      Concept 5: The energy source is a combination of solar cells and human power. The vehicle configuration is three wheels, and the drive mechanism is a chain drive with gears. This is similar to a solar-assisted tricycle.
    

    
      Concept 6: The energy source is a combination of solar cells mounted on the vehicle plus a battery; the battery can be charged at the user’s home using a renewable energy source (wind or solar cells) or plugged into the user’s home electricity system. The battery provides most of the energy, while the solar cells extend the life of the battery on sunny days. The configuration is two wheels side by side with room for a single passenger, and the drive mechanism is wheel hub motors. The motors are controlled to keep the vehicle balanced (similar to the Segway personal transport device in Figure 14).
    

    
      Some combinations will not make sense or will result in a concept that is clearly unfeasible. For example, any concept that uses wheel hub motors must use an energy source that generates electricity.
    

    
      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:
    

    
      	The design would use only renewable energy.
      

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

      	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.
      

      	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.
      

    

    
      Activity
    

    
      Explore the possibilities of one of the concept combinations developed in the previous
      activity.

    

    
      When exploring the possibilities of a design concept, the team may discover ways in which the design can be improved. For example, Concept 1 might be improved by providing a more comfortable seat and by adding a battery that can store energy for use when it is dark or cloudy and the solar array does not generate electricity.
    

    
      Once several design concepts have been developed and explored so that their advantages and disadvantages are understood, the design team must choose one concept that will be used to create the design for the product. It is usually best to choose the concept using a structured decision process. In a structured decision process, each of the concepts is evaluated to see whether it meets the constraints and is compared with the other concepts using the criteria; the best concept according to the criteria that meets the constraints is typically selected to implement the product.
    

    
      In the case study, Concept 2 did not meet the constraint because it would require cities to build charging stations, so it was eliminated from consideration. Using the criteria as a guide, the design team determined that the two best designs were Concept 1 and Concept 5. They ranked high because of low pollution, using only renewable energy, and being low cost compared with other options. However, it is clear that these designs are the least comfortable for the consumer, and may therefore not be commercially successful. At this point, the design team could choose to use one of these designs and go forward in the design process; or, they may feel after seeing the outcome of the selection process that their criteria did not accurately capture their customers’ desires. In this case, they may go back and improve their criteria, then repeat the decision process. Or, they may determine that better concepts may have been developed with different combinations of subproblem solutions or through different assumptions in the Explore Possibilities step, and thus repeat the Concept Generation and Explore Possibilities steps.
    

    
      Sometimes, a design does not satisfy the constraints but could be easily modified to satisfy the constraints. For example, in Concept 2 if a battery charging station were to be built at each customer’s house, the concept could be judged to meet the constraint. At other times, one design will score low because it has a particular flaw that can be corrected by combining it with characteristics of another design. Thus, the team should see if there are any designs that score low because of one aspect and can be corrected or if two designs can be combined to provide a better design.
    

    
      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
    

    
      	The shapes and dimension of all physical components.
      

      	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.
      

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

      	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 subsequent design steps of prototyping, testing, and refinement. This process may require many iterations as the testing of prototypes reveals previously unknown characteristics of the design.
    

    
      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.
    

    
      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.
    

    
      Review Questions
    

    
      Multiple Choice
    

    
      The following questions will help you assess your understanding of the Discovering 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.
    

    
      	Design problems are broken down into subproblems because
        
          	each design team member needs a specific problem to solve
          

          	the customer or stakeholders do not understand the overall problem
          

          	smaller problems must be solved in order to solve the overall problem
          

          	engineering companies make more money solving many smaller problems
          

        

      

      	When a design team searches externally for ideas they
        
          	interview customers
          

          	look at existing products
          

          	look at technical databases
          

          	talk to experts in the problem area
          

        

      

      	A concept combination table helps you to
        
          	explore design ideas systematically
          

          	see the complete design concept
          

          	identify the overall design problem
          

          	keep track of rejected designs
          

        

      

      	A concept screening matrix is used to
        
          	select a design
          

          	eliminate constraints
          

          	develop a design
          

          	eliminate criteria
          

        

      

      	A prototype can be
        
          	a physical representation
          

          	a scale model
          

          	a virtual representation
          

          	a final product
          

        

      

      	Implementation means that a
        
          	physical model is built
          

          	virtual model is built
          

          	prototype is built
          

          	product is manufactured
          

        

      

      	A design is refined because
        
          	it has met the constraints and criteria
          

          	testing has found weaknesses in the design
          

          	a product must go through the spiral design process
          

          	there are no further improvements to make
          

        

      

      	Communicating processes and results is done by
        
          	posting designs on a website
          

          	creating a users manual
          

          	text messaging team members
          

          	emailing manufacturers
          

        

      

      	A detailed design includes
        
          	a market analysis
          

          	shapes and dimensions of all physical components
          

          	computer code
          

          	assembly process
          

        

      

      	The step in the design process called Explore Possibilities is used to
        
          	make additional designs
          

          	improve the design
          

          	understand the design characteristics
          

          	test the prototype
          

        

      

      	Searching internally for ideas is called
        
          	mind searches
          

          	design sessions
          

          	idea dumps
          

          	brainstorming
          

        

      

      	When engineers generate ideas in the design process they
        
          	use an unstructured approach
          

          	use a step by step approach
          

          	use a mathematical approach
          

          	use a structured approach
          

        

      

      	Which techniques are used to define the design problem?
        
          	Find expert information
          

          	Try to identify the real problem
          

          	Gather information from customers
          

          	None of the above
          

        

      

      	
        Free Response Questions
      

      	How can you tell the difference between a good design and a bad design?
      

      	What is the difference between engineering design and other types of design (architectural, fashion, etc.)?
      

      	How do you know that your design team has considered enough ideas to ensure that they develop a good design?
      

      	What are the characteristics of a good problem definition statement?
      

      	What are the steps of the design process? Why are they not always completed in order?
      

      	How do you use team decision-making tools in the design process?
      

      	How do you create a detailed design from a design concept?
      

    

    
      Review Answers
    

    
      The Design Process in Action
    

    
      	c
      

      	a,b,c,d
      

      	a
      

      	a
      

      	a,b,c
      

      	d
      

      	b
      

      	b
      

      	b,c,d
      

      	b,c
      

      	d
      

      	d
      

      	a,b,c
      

    

    
      Vocabulary
    

    
      	
        Artifact
      

      	
        An object made by a human being for a particular purpose.
      

    

    
      	
        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 atmosphere 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 operation of a society. For example, the automotive transportation infrastructure is the roads, bridges, traffic signals, traffic signs, etc. necessary to drive cars.
      

    

    
      	
        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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      Instructor Supplemental Resources
    

    
      Standards
    

    
      ASEE Draft Engineering Standards. This chapter is focused on “Dimension 1: Engineering 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:
    

    
      	Students will develop an understanding of engineering design.
      

      	Students will apply the engineering design process, troubleshooting, research and development, invention and innovation, and experimentation in problem solving and engineering design.
      

    

    
      Common Preconceptions
    

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

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

      	Novice designers show an inability to evaluate and recognize quality ideas and to discriminate 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.
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      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.
    

    
      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).
      

      	Cardboard.
      

      	White and black paint.
      

      	Transparent materials such as plastic wrap, clear hard plastic, and glass.
      

      	Reflective materials such as aluminum foil or unbreakable mirrors.
      

      	Packing tape or duct tape.
      

      	Stiff wires or skewers.
      

    

    
      The following tools will be needed:
    

    
      	Scissors
      

      	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 I Want to Know) in Table 2, indicating what they know about the design process and what they want to learn.
    

    
      
        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.
    

    
      
        [image: ]
      

      
        Figure 4.18
      

      
        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.
      

    

    
      
        [image: ]
      

      
        Figure 4.19
      

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

    

    
      
        [image: ]
      

      
        Figure 4.20
      

      
        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.
      

    

    
      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 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. Examples of possible constraints include
    

    
      	Cooker can be constructed from readily available materials.
      

      	Cooker can be constructed using simple hand tools.
      

    

    
      Examples of possible criteria include
    

    
      	Maximum temperature reached inside the cooker when it is placed in direct sunlight.
      

      	Volume of food that can be placed in the cooker.
      

      	Time required to cook a typical meal.
      

    

    
      A possible variation on this section of the activity would be to have student teams independently 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
    

    
      	A cardboard box with a clear plastic wrap top.
      

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

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

    

    
      Select a Design
    

    
      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 experiments 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.
    

    
      
        Rubric to evaluate the overall design process as well as the steps in the design process.
      
      
        
          	
            Student Outcomes
          
          	
            Strongly meets criteria
          
          	
            Adequately meets criteria
          
          	
            Minimally meets criteria
          
          	
            Does not meet criteria
          
        

      
      
        
          	
            Recognize that design is a process.
          
          	
            Gives detailed description of processes.
          
          	
            Describe most steps of processes followed to design oven.
          
          	
            Describe some steps of processes followed to design oven.
          
          	
            Describes design without describing the design processes.
          
        

        
          	
            Quality of design process
          
          	
            Evaluates quality of all steps and relates this to the quality of the resulting design.
          
          	
            Evaluates quality of most steps and relates this to the quality of the resulting design.
          
          	
            Evaluates quality of some steps and relates this to the quality of the resulting design.
          
          	
            Does not evaluate the quality of any steps.
          
        

        
          	
            Apply each step: Criteria and constraints
          
          	
            Identifies several criteria and constraints; criteria and constraints are properly formed.
          
          	
            Identifies several criteria and constraints, most of which are properly formed.
          
          	
            Identifies several criteria and constraints; some of which are properly formed.
          
          	
            Does not identify several criteria and constraints; confuses criteria and constraints.
          
        

        
          	
            Apply each step: Generate ideas
          
          	
            Decomposes the overall design problem, finds solutions to subproblems, and uses concept combination techniques.
          
          	
            Uses one or two tools(brainstorming, problem decomposition, etc.) to develop several design concepts.
          
          	
            Uses ad hoc processes to develop several design concepts.
          
          	
            Only develops a single design concept.
          
        

        
          	
            Apply each step: Select a design
          
          	
            Selects between design concepts using a formal tool with criteria and constraints.
          
          	
            Uses a tool to select between concepts; selection reflects some criteria and constraints.
          
          	
            Uses ad hoc processes to select between concepts; selection reflects some criteria and constraints.
          
          	
            Does not use criteria and constraints to select between design concepts.
          
        

        
          	
            Apply each step:Prototype
          
          	
            Tests the prototype to determine whether it meets all constraints and how it performs relative to all criteria.
          
          	
            Tests the prototype to determine whether it meets most constraints and how it performs relative to most criteria.
          
          	
            Tests the prototype to determine whether it meets some constraints and how it performs relative to some criteria.
          
          	
            Test do not reflect 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.
    

  
    
      Chapter 5: Connecting Science and Mathematics to Engineering
    

    
      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.
      

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

      	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.
      

      	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.
      

    

    
      Case History: How Math, Science, and Engineering 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 [image: 3'' \times 5'' \times 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 [image: 7'' \times 5'' \times 2''] in size. Where did this incredible piece of shrinking technology come from? We shall see.
    

    
      
        [image: ]
      

      
        Figure 5.1
      

      
        A portable transistor radio. The world’s first transistor radio, the Regency TR-1 weighed 12 ounces with dimensions of 3" X 5" X 1"
      

    

    
      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 equation called Schrödinger’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 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), engineers at the Regency Division of IDEA (Industrial Development Engineering Associates) of Indianapolis, Indiana, used the engineering design process to design, develop, and fabricate 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 phenomenon 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 transistor. 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, science, 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 mechanics, Schrödinger’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 [image: '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.
    

    
      
        [image: ]
      

      
        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.
      

    

    
      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.

    

    
      
        	Write down a short list of three or four electronic devices or gadgets that you use everyday.
        

        	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.
        

        	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?
        

      

    

    
      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, innovation, 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.
    

    
      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 accredits 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.
    

    
      
        [image: ]
      

      
        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 [image: 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 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.
    

    
      
        [image: ]
      

      
        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 mathematical models. “Mathematical models may include a set of rules and instructions that 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.
      

    

    
      
        [image: Icebergs breaking off glaciers and an oil spill.]
      

      
        Figure 5.5
      

      
        Icebergs breaking off glaciers and an oil spill.
      

    

    
      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.
    

    
      	Mathematical models
        
          	describe scientific phenomena
          

          	can evaluate cost
          

          	require a calculator
          

          	are easier to build than physical models
          

        

      

      	Engineers use mathematics and science to
        
          	understand the world
          

          	solve problems
          

          	build models
          

          	design a process
          

        

      

      	An example of a mathematical model is
        
          	the budget for product development
          

          	drawings used to design a product
          

          	the engineering design process
          

          	rate of the flow of water through a hose
          

        

      

    

    
      Review Answers
    

    
      What Is the Role of Science and Mathematics in Engineering?
    

    
      	a,b
      

      	b,c,d
      

      	d
      

    

    
      How Do Math and Science Connect with Engineering 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. They build on similar math and science foundational courses in high school that are introductory 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 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.
    

    
      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, derivatives, 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 engineering 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 engineering 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 concerned 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 matter 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. Engineers 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 Science 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.
    

    
      	College engineering programs require
        
          	ACT or SAT scores
          

          	letters or recommendation
          

          	four years of high school mathematics
          

          	an essay about engineering
          

        

      

      	Engineering students must be able to
        
          	apply math and science to problems
          

          	remember math and science problems
          

          	major in a math or science field
          

          	use math and science as tools
          

        

      

      	If you want to become an engineer you should study
        
          	mostly mathematics
          

          	mostly science
          

          	mathematics and science
          

          	some history
          

        

      

      	English is as important as mathematic and science because
        
          	engineers must be able to write
          

          	engineers must communicate with the public
          

          	engineers must communicate with coworkers
          

          	engineers must be well rounded
          

        

      

      	Engineering requires that you understand
        
          	timelines
          

          	calculus
          

          	geometry
          

          	formulas
          

        

      

      	The best indicator of success in an engineering major in college is
        
          	overall grade point average in high school
          

          	taking three years of metal shop in high school
          

          	taking two computer science courses in high school
          

          	successfully completing four years of math courses in high school
          

        

      

    

    
      Review Answers
    

    
      How Do Math and Science Connect with Engineering in High School and College?
    

    
      	a,c
      

      	a,d
      

      	c
      

      	a,b,c
      

      	a,b,c,d
      

      	b,d
      

    

    
      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 artificial 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. Bioengineers 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 facilities 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 environment 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 physically challenged to all structures as well as infrastructure improvements for controlling and reducing urban environmental pollution of water and air. Civil engineers typically work 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 computer programs that control systems and devices in the world around us. Examples are automobile 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. Examples 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 resources (people, information, energy, materials, and machines) for manufacturing and distributing engineering services and goods. Examples of new human-related challenges are improving safety and ergonomic design of cars for average or physically challenged individuals. 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 understanding, 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 problem.
    

    
      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 “[image: A] to [image: Z] Index,” and then click on the letter “[image: 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:

    

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

        	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 Engineering 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.
    

    
      	Aerospace engineers
        
          	train air traffic controllers to use up-to-date equipment
          

          	design airport runways and passenger lounges
          

          	teach at the Air force Academy in Colorado
          

          	design and build things such as airplanes and space shuttle
          

        

      

      	Agricultural engineering involves
        
          	designing the best layout for a farm
          

          	selecting the plants that will produce the largest crop
          

          	designing agricultural machinery and equipment
          

          	selecting the best way to transport products to market
          

        

      

      	The engineering field or fields that use a great deal of mathematics are
        
          	marine engineering
          

          	nuclear engineering
          

          	chemical engineer
          

          	industrial engineer
          

        

      

      	Bioengineers
        
          	work with doctors and health care specialists
          

          	develop devices to diagnose diseases
          

          	must have a medical degree
          

          	develop health management systems
          

        

      

      	Most chemical engineers
        
          	know how making chemicals affects the environment
          

          	typically work for the military creating weapons
          

          	are not responsible for their products’ safety
          

          	transform gases and liquids into useful products
          

        

      

      	Electrical engineers
        
          	write computer programs
          

          	build solar energy systems
          

          	build sensors
          

          	design computers
          

        

      

      	Mechanical engineers
        
          	work on mechanical rather than human-related problems
          

          	use physics principles of energy, force, and motion
          

          	develop new materials for building mechanical devices
          

          	none of the above
          

        

      

      	Civil engineers
        
          	build bridges and water systems
          

          	work primarily for the federal government
          

          	do not need a background in biology
          

          	none of the above
          

        

      

    

    
      Review Answers
    

    
      Connecting Engineering Career Fields with Science and Engineering
    

    
      	d
      

      	c
      

      	a,b,c,d
      

      	a,b,d
      

      	a,d
      

      	c
      

      	b
      

      	a
      

    

    
      Connecting Mathematics and Science to the Engineering 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 designed 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 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.
      

      	Define requirements and constraints.
      

      	Generate ideas or brainstorm for set possible solutions.
      

      	Use requirements and constraints to evaluate possible solutions.
      

      	Use the chosen solution to design and build a prototype.
      

      	Test and evaluate the prototype and modify if necessary to finalize prototype.
      

      	Communicate the results.
      

    

    
      
        [image: A simplified engineering design process.]
      

      
        Figure 5.6
      

      
        A simplified engineering design process.
      

    

    
      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 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 criteria, 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 components' 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.
    

    
      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 requirements 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 prototype 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 documented 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.

    

    
      Review Questions
    

    
      Multiple Choice
    

    
      The following question will help you assess your understanding of the Connecting Mathematics 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.
    

    
      	An important use of mathematics in engineering is to determine
        
          	how much engineers should be paid for a design
          

          	the price of software needed to create a design
          

          	the cost of different designs of the same product
          

          	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 characteristics of a good problem definition statement?
      

      	How are math and science connections to engineering used in the steps of the engineering 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
    

    
      	c
      

    

    
      Vocabulary
    

    
      	
        Accredited
      

      	
        To have been endorsed or approved officially. Undergraduate engineering programs 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 problems 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, system, 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 experimentation.
      

    

    
      	
        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 theoretical 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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      Instructor Supplemental Resources
    

    
      Standards
    

    
      ASEE Draft Engineering Standards This chapter is focused on “Dimension 2: Connecting 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:
    

    
      	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 precollege 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 machines, 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.
      

      	
        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.
      

      	
        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.
      

      	
        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.
      

      	
        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.
      

      	
        Career opportunities. In one middle school students had unrealistic career expectations. A survey revealed that three-quarters of them thought they could become scientists or engineers, but the same number also thought they could become professional 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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