INTRODUCTION
ONE OF THE wonderful aspects of engineering technology is that it is a very creative profession. Engineers make products and processes that solve a human need. Furthermore, engineers solve problems creatively, seeking solutions that did not exist before. Creating designs and analytically modeling them to predict how they will perform requires a blend of talents. For example, imagine that you are given the challenge of devising a new birdhouse, one that can be attached to a fence or building using natural resources. You need to learn about the types of nests the birds like to build and how to position the birdhouse so that squirrels and other animals cannot get to the food. You also need to know about types of birds you want to attract—large birds, small ones, or all types. Figure 2.1 illustrates one solution that prior generations used. Basically, a pottery urn was turned on its side and held by a nail. It used a twig for the bird’s standing perch so it could hop into the house. The early Americans wanted insect-eating birds nearby, and this birdhouse was one solution.
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SECTION 1: Design, Modeling, and Analysis

[[Start Key Ideas > Box here]]

KEY IDEAS >
· Design and analysis are used in engineering design.

· Engineering design is influenced by visualizing and thinking abstractly to develop creativity.

· Regulations and codes both help and hinder technology.

· Most technological development has been evolutionary, the result of a series of refinements to the basic invention.

· Visual thinking is central to the creative process.

[[End Key Ideas > Box here]]

[[Insert Figure 2.1 here]]

Consider the following situation. A deep stream that is five feet wide needs a bridge so people can walk across it. You find a plank that is two inches thick, twelve inches wide, and eight feet long and place one end on each bank, crossing the stream (see Figure 2.2). No engineering design was needed in this case; from your experience, you decided that the plank should do the job. In fact, you are so pleased that you decide to go into business making plank bridges. But now people who might buy the bridges have questions about how great a load (weight) the bridge can support. Will it support six people? What size are the people, you ask, and so it goes. From an engineering view, what exists in this case is a beam supported on two ends. In this simplest view, the beam will not deflect, not bend.

To be able to respond to potential customers, you need to analyze this beam. So you create a representation, a physical model, of the actual beam, and this can, in turn, be represented by mathematical equations. This requires that you understand the forces throughout the beam caused by the weight of people standing on it or walking across it. You will also research the properties of the wood, including how strong it is, and then combine this information with the mathematical analysis to see if the wooden plank would break when the forces (the load) are applied.

[[Insert Figure 2.2 here]]

At this point, you are analyzing what is assumed to be. You are not analyzing the wooden plank that exists; you have developed a physical model of the plank and represented that model mathematically, including the assumption of certain properties for the wood itself. Based on your analysis, you feel certain that the plank can hold 750 pounds but, to be on the safe side, you guarantee it will support 500 pounds. What you have inadvertently introduced is a factor of safety, which all good designs have and which accounts for unexpected load conditions and property variations. We are using the word design a little casually in this case, as you did not really design the plank but assumed it would be sufficient. Another consideration is that, although the model will support 750 pounds, the actual plank might not. Your analysis assumed that the wood had certain properties and could be modeled in a certain mathematical fashion. Perhaps, however, a knot at the center of the plank causes it to break under a load of 500 pounds. More sophisticated analysis can then be used to model a plank with a knot.

An equally important aspect is that a satisfactory design analysis should be carried out during the actual building construction. Often, a disaster we read about is caused by a difference between design and construction. If differences occur in construction or in materials used, then more analysis is needed to make sure that the revised design meets the load requirements.

A case in which changes tragically affected a project was the construction of elevated walkways in the Hyatt Regency Hotel in Kansas City, Missouri. Two elevated walkways, shown in Figure 2.3, spanned the lobby. In July 1981, a dance contest was in progress. More than 1,000 people were gathered on the walkways, watching the participants below. Some of the observers above were dancing, as well. The walkways were not constructed as designed. Moreover, they were bearing loads that were twice that of the original specifications. The walkway supports failed; 111 people were killed, and another 188 were injured. Several factors led to the walkway failure, including the dynamic load caused by the dancing, a welded seam that supported the load, and the possible omission of some load-bearing washers. The constructed walkway had a different design from the original, and unfortunately that design was far worse.

Focus again on the bridge you are building. Imagine that a competitor enters the picture, as someone else has decided that you are not the only person who can lay planks across a stream. To be competitive and create a better product, you want to design something new. You could use cost-saving tactics first, such as shortening the plank to reduce support on each bank. You could also reduce the plank’s thickness or even reduce the factor of safety. Using your knowledge of analysis and design, you create a new bridge design, which is modeled and analyzed to see if it meets the load requirements and the factor of safety you want. There is a significant difference in design between creation and analysis—both processes are necessary. Figure 2.4 shows an example that is far more complex than your plank. Design and analysis are used in engineering design.
[[Insert Figure 2.3 here]]

Let’s go back to the competitive situation that exists between you and others in the same field. Being an ethical person, you selected a very conservative factor of safety. Your competitor chose a smaller factor of safety and feels that it is adequate. That means your competitor’s bridge, if it has a similar design, will cost less than yours and hence have a greater chance of being selected. Municipalities and states have recognized this competitive problem and have established building codes, which define the minimum requirements for construction. Very often the contract specifications from the company requesting the design will detail the design requirements in addition to statutory requirements. This means that everyone is operating from the same vantage point. As we often find in the technological world, there are problems associated with codes and regulations. These requirements are based on existing designs and materials, and so design innovation can be restricted by these codes. Regulations and codes both help and hinder technology.

This is particularly true when new materials allow for designs that were not previously possible. Most technological development has been evolutionary, the result of a series of refinements to the basic invention.
Designing

Designing is a process that people use to plan and produce a desired result. The result may be a product, process, or system that meets a specified human need or solves a particular problem (see Figure 2.5). In engineering, we are interested in technological designs that require the blending of creativity and technical know-how. Design and creativity go hand in hand; enhancing your creativity will improve your designs and deepen your technical knowledge. Engineering design is influenced by creative abstract thinking and visualizing.

Creativity

Creative people are willing to take risks. Although the knowledge gained from success is very appealing, the knowledge gained from failing, learning, and then succeeding is more long lasting. In learning a new skill, a person must experience periods of awkwardness and inability. Mistakes are made in the process of learning. Top athletes do not start at the top; they learn from the baskets they miss and from their strikeouts. Facebook founder Mark Zuckerberg, shown in Figure 2.6, believed so much in his dream of creating an online community that he borrowed funds and stopped attending college (in general, not something most people should do).
[[Insert Figure 2.4 here]]

[[Insert Figure 2.5 here]]

[[Insert Figure 2.6 here]]

Seeing connections where none were perceived before is another important attribute. Thinking visually can allow people to see interconnections. Imagine placing three blocks together, as shown in Figure 2.7. How might this figure be described? Did your list include a table, a pleasing form, a chair, an inverted “u,” a hole in space, a bridge, or the Greek letter pi? Visual thinking is an enabling intelligence, empowering you to see in different ways and to make connections between varied perspectives. Visual thinking is central to the creative process.

Certainly, you need to be knowledgeable about your subject for your creative thoughts to have foundation. Although gaining knowledge can bring the accompanying danger of strengthening a fixed view and thereby closing off other alternatives, it also strengthens intuition. Increased knowledge can also help you understand why some of your past efforts were successes and some were mistakes.

Determination is the fourth ingredient common to creative people. As Thomas Edison said, creative leaps are the results of perspiration as much as inspiration. The determination to make creative change requires dealing with periods of uncertainty. In the process, a resiliency, not a hardening, emerges. Resiliency connotes strength and flexibility, whereas hardness connotes strength and rigidity. Dr. Barbara McClintock (see Figure 2.8) exhibited these traits in her research; as a scientist in the 1940s and 1950s, she encountered resistance from the scientific community for her theories and experiments about how genetic information is transferred from one generation to the next. But, in 1983, she was awarded the Nobel Prize for her pioneering work.

Visual Thinking

Visual thinking is central to the creative process. It is aided by quick sketching, which permits ideas to become further refined. We think visually all the time. The English language contains many words that link vision and thought, such as insight, foresight, and hindsight. Indeed, the etymological root of the word idea comes from the Greek word idein, which means “to see.” Thinking is a pervasive, yet elusive, concept. Thinking, as manifested by the brain’s electrical activity, occurs even while we sleep. It is a complex activity that involves the entire body—physiologists have shown that muscle tone affects thought. Neurologists link the nervous system and psychologists link feelings and emotions to thought processes. The process is visual, verbal, and mathematical, and it is affected by anything that affects our bodies. Of course, not all thinking is fruitful or purposeful; most of the time it produces little of value.

Visual thinking pervades all our activities, from the profound to the mundane: from Einstein viewing himself traveling at the speed of light in his research for the theory of relativity, to an athlete picturing herself winning a medal, to a walk through a crowd of people. How can we use our visual thinking in a way that will let us purposefully create? We use three types of activities: seeing, imagining, and sketching. Figure 2.9 illustrates these overlapping circles in a Venn diagram, with one activity reinforcing the other. Seeing is what helps us sketch, and sketching helps us see more clearly, which can stimulate our imagination and provide a greater desire to sketch. The act of sketching helps you quickly capture images in your mind; the thought and memory of these images thus stimulates your imagination.

[[Insert Figure 2.7 here]]

[[Insert Figure 2.8 here]]

[[Insert Figure 2.9 here]]

[[Start Section One Feedback > here]]

SECTION ONE FEEDBACK >
1.
What are the differences between designing a birdhouse and making one?

2.
Can you design a birdhouse without analyzing it?

3.
How are seeing, imagining, and sketching related?

[[End Section One Feedback > here]]

SECTION 2: Design Process Overview

[[Start Key Ideas > Box here]]

KEY IDEAS >
· Design problems are often not presented in clearly defined terms.

· The design process is iterative, in that it can go back and repeat steps several times, and it includes several steps, such as brainstorming and optimization.

· Technological problems require research before they are solved.

· Requirements involve identifying the specifications and constraints of a product or system and determining how they affect the final design and development.

· The process of engineering design takes into account a number of factors.

· Designs are critiqued and then refined and improved.

· Established design principles guide the design process. Optimization and trade-offs are important elements of the process, as design requirements may compete with each other.

· A prototype is a working model used for testing the design.

· Research and development are part of the design problem-solving method; they are also used in business for researching marketplace requirements.

[[End Key Ideas > Box here]]

The design process starts with a problem that requires a solution. The problem may be narrowly defined, such as developing a sports bag, or even more loosely defined, such as improving the water quality in a pond. Before creating solutions, an engineer researches and investigates the topic.
Researching the Problem

Research can be technical or nontechnical. The type of research required depends on the problem.
Often, design problems are not presented in clearly defined terms. In that case, research can help define the problem more clearly. Research can also help the engineer understand the context that created the problem. For instance, what factors contribute to a pond’s low water quality—decreased water supply because of urban development or increased nitrates from lawn fertilizers? Regarding the sports bag, were there problems with previous versions? Did customers complain about the straps? Were the bags too large or too small, as shown in Figure 2.10.

[[Insert Figure 2.10 here]]

[[Insert Figure 2.11 here]]

In the case of the sports bag, designers may need to examine other types of sports bags and learn about their characteristics, both good and bad. This examination leads to the specifications and constraints area of the problem statement, in which the output requirements are noted. These requirements could include the bag’s capacity, size, use of detachable parts, and availability in a variety of colors. Constraints may be imposed to limit the variety of possible solutions; for example, perhaps the material must be nylon, and the cost must not exceed $10. Requirements involve identifying the specifications and constraints of a product or system and determining how they affect the final design and development.

Brainstorming a Solution

At this point, the design engineer more thoroughly understands the problem in two ways: technically, through research and investigation, and philosophically, through the design requirements. Now the designer’s creative side is freed to brainstorm. Several quick sketches can lead to different approaches to solving the problem, as shown in Figure 2.11.

This is perhaps the most challenging part of the design process. We often seize on one idea, judge it to be satisfactory, and then stop thinking creatively and stop searching for the best design. In the creative sphere, other designs can help validate the best solution by providing alternatives to check against. In this process, positive and negative features of the designs are examined, and in this way the best design is determined.

Analyzing the Design

Before the design is constructed, it needs to be analyzed. Will it perform the required functions and meet the design specifications? Engineering analysis involves creating the mathematical equations that represent the system under consideration and the solution of these equations. It is one of the important components of the engineering design process. These equations are a mathematical model of the system.

The analysis of the model includes use of specifications and constraints that have been developed during the problem definition phase. For example, one aspect of analysis might be to calculate the bag’s volume and evaluate the pressure you feel on your shoulders when carrying it. The questions you answer here include whether the device will meet the functional requirements. Perhaps an original specification is too demanding and needs to be revisited.

Constructing, Testing, and Evaluating a Prototype

Once the analysis is completed and any modifications are made to the design as a result, the construction of a prototype begins. A prototype is a working model that is used for testing a design. During construction of the prototype, changes invariably are made to conceptual design. You should recognize that such changes are fine—they are part of the creative process. Of course, you must make certain that the prototype solves the problem, and this is where testing and evaluation occurs. The testing should be conducted in a scientifically correct manner so that the data is valid and reliable. Thus, the process of engineering design takes into account a number of factors. We will investigate other factors toward the end of the chapter, taking safety and environmental concerns into consideration.
[[Insert Figure 2.12 here]]

The Design Process

Figure 2.13 illustrates the informed engineering design process, which is guided by established design principles. The process is nonlinear, as is typical of creative processes, and in contrast with the linearity and logic of mathematical analysis and scientific inquiry. Notice the inner arrows in the figure; these indicate that at any time in the process, it is fine to go back and add information (perhaps a specification) or eliminate a constraint. The design process is iterative, and includes several steps such as brainstorming and optimization. In the informed engineering design process, there are guided research and investigation activities for students that model what engineers do in practice. These guided activities are called Knowledge and Skill Builders (KSBs). Engineers design from a knowledgeable and skilled background to create new products or processes.
[[Insert Figure 2.13 here]]

Design Cycle Phases

Now we will examine the phases of the design cycle in more detail. Table 2.1 lists the phases.

[[Start Table 2.1 here]]

Table 2.1 | Phases of Informed Engineering Design

	PHASE
	DESCRIPTION

	Phase 1
	Describe the design problem clearly and fully.

	Phase 2
	Research and investigate the problem.

	Phase 3
	Generate alternative designs.

	Phase 4
	Choose and justify your optimal design.

	Phase 5
	Develop a prototype.

	Phase 6
	Test and evaluate the design solution.

	Phase 7
	Redesign the solution with modifications.

	Phase 8
	Communicate your achievements.


[[End Table 2.1 here]]

Phase 1: Describe the Design Problem Clearly and Fully People with arthritis in their fingers have a hard time gripping small objects. They need an easy way to carry out such tasks as unlocking a door or hunting for the right object in a drawer. The specifications are the performance requirements or output requirements that the solution must fulfill. For instance, the design specifications for toothpaste might include that it cleans plaque from teeth, tastes good, and can be squeezed easily out of a tube. The design specifications for a sports bag might require its material to be both colorful and waterproof, as shown in Figure 2.14. A design specification for a certain type of car might be that it can accelerate from 0 to 60 mph in under 10 seconds. Also, design specifications often include safety considerations. For example, a passenger elevator might require a safety factor 10 times greater than the load it is expected to carry, or the front of a car might have to be completely undamaged after a crash at 5 mph.

The constraints are limits imposed upon the solution. Constraints are often related to resources, such as what kind of materials the designer is able to use, how much money a finished product can cost, or how much time can be devoted to producing it. Other limitations can involve the availability of certain kinds of workers or the need to limit negative effects of the design on the environment.
[[Insert Figure 2.14 here]]

[[Insert Figure 2.15 here]]

Phase 2: Research and Investigate the Problem Virtually all technological problems are researched before they are solved. In this phase, you search for and discuss solutions that presently exist for the problem at hand or similar problems. In the process, you will learn a lot about good and bad solutions.

In the course of your research, you can identify problems, issues, and questions that relate to addressing the design challenge. You can gather information from other people, from library research (see Figure 2.15), from searching the Internet, from catalogues, and through visits to stores that sell products like the one you are designing. In addition, you normally will need to make measurements, collect data about the materials you use and about the performance of the design, and rate alternatives against one another. You will need to use mathematics in doing this work.

You may also perform scientific investigations and conduct experiments to help you learn how certain choices affect a design’s performance. For example, if a designer wants to create a food cooler for camping trips, an experiment might be set up to determine how well different materials keep food cold. The results from this investigation would be used to help make design decisions about the cooler. You may want to investigate current sports bags, thinking about their good and bad features. If you put a certain amount of weight in the bags (for instance, 20 pounds), are they comfortable to carry? What could be done to make them more comfortable?

When doing your research, think about the design criteria. Thinking about your design requirements can help you identify questions that you need to answer in order to come up with a solution. If you are trying to design a product that people will use, you may want to collect data from the library about people’s heights, weights, lengths of reach, or other design factors that will make the product easier for certain age groups to use.

Companies also perform market research to determine if customers will like a new product. For example, companies may ask potential buyers to fill out a questionnaire to find out their preferences. Suppose a company wants to develop toothpaste for teenagers. The questionnaire might ask what teenagers like or dislike about the toothpaste they’re using now. Do they like its taste? Do they like the way it feels in their mouths? What kind of dispenser do they prefer to use, a tube or a pump? What colors do they prefer for the toothpaste, tube, and box (Figure 2.16)? The company will use the results of this market research to design the product so it appeals to the greatest number of people. Research and development are part of the design problem-solving method; they are also used in business for researching marketplace requirements.
[[Insert Figure 2.16 here]]

[[Insert Figure 2.17 here]]

Phase 3: Generate Alternative Designs Don’t stop when you have one solution that might work. Continue by approaching the challenge in new ways. Describe the alternative solutions you develop.

As a result of your research and the knowledge you have gained, you may have one or more possible solutions to the problem. The ideas can be totally different, or they can be improvements to your first idea. There is almost always more than one solution to a technological design problem, and good designers are rarely satisfied with the first idea that pops into their minds. You can suggest several ideas—each one of which might do the job—but try hard to think about better ways (see Figure 2.17).

Another way of coming up with alternative designs is called brainstorming. During brainstorming, each person in a group can suggest ideas. One person writes all the ideas down, and no one is allowed to laugh at or criticize ideas, no matter how foolish or unusual they might seem. The brainstorming process is used to help people think more creatively. People feel free to share any wild ideas. Sometimes one person’s wild idea will open up someone else’s mind to a totally new approach. An advantage of brainstorming is that your mind begins to make unusual connections.

Sometimes an idea may just pop into your head. Usually these sudden ideas are followed by the “Aha!” response (“Aha! I’ve got it!”). This insight comes from being thorough in researching the problem and from being creative in thinking about the problem from many different angles. Even when you are not consciously thinking about the problem, your brain may still be working on it. After many ideas have been proposed, the group reviews them all. The best ideas are developed further.

Phase 4: Choose and Justify Your Optimal Design For the alternatives that remain, you should list their strengths and weaknesses in relation to the design criteria. To make your decisions, you might have to do more research, testing each alternative and gathering data about its performance. These test results must be recorded and compared with results from other tests, so that fair and accurate decisions can be made about which solution is best. Sometimes, the testing will suggest that if you change one alternative slightly, or combine two or more alternatives, you will end up with a better solution. The design improvements can lead to better performance, increased safety, and lower cost.

The process of improving each alternative or improving each part of a design is called optimization. Often, different alternatives will be better in different ways. For example, one material may be stronger, but a second material may cost less. When people choose the best solution, they normally make trade-offs. That is, they give up one desirable thing for another. In such cases, we must decide which criteria are the most important, and then arrive at the best overall solution to the problem. In other words, we can optimize the alternatives and then make trade-offs to determine the best possible solution. Sometimes design requirements compete with each other. The idea is to decide on a design that best meets the specifications, fits within the constraints, and has the least number of negative characteristics. Established design principles guide the design process. Optimization and trade-offs are important elements of the process, as design requirements may compete with each other (Figure 2.18).
[[Insert Figure 2.18 here]]

[[Insert Figure 2.19 here]]

Defend your selection of the best alternative solution: Why is it the optimal choice? Using information you have gained from research and investigation, justify why the proposed solution is the best one for addressing the design specifications. The chosen alternative will be the basis of your preliminary design. Each of the alternatives must be examined to see if it meets the design criteria, specifications, and constraints that were defined in the first step. Usually, you do not use alternatives that do not sufficiently address the specifications and constraints.

Phase 5: Develop a Prototype In this phase, you make a model of the solution, identify possible modifications that would lead to refinement of the design, and then carry out these modifications. Most often, a model of the solution is made first; when this model is a full-scale version of the solution, it is a prototype—a working model for testing the design. For example, Figure 2.19 shows a prototype for a sports bag.

Models of the proposed solution are important if the solution is complex and costly, if a large quantity of the final products must be manufactured, or if the proposed solution presents risks to people and the environment. In all of these situations you would want to minimize the potential for costly errors. For example, a model of a nuclear power plant would be built and tested to discover and eliminate any problems that were not apparent during the analysis phase, before the actual plant was built. One kind of model might be a mathematical model that simulates how a nuclear reaction occurs and how it can be controlled. Another model could be a smaller-scale version (or even a larger version of very small objects) of the proposed solution to the problem. For example, a small model of a new airplane would be built to test in a wind tunnel before the first actual plane was built (see Figure 2.20). A large-scale version of a tiny integrated circuit might be built so that all the parts and connections could be clearly seen. Skilled craftspeople and technicians are often employed to make models before full-scale construction is started. As you construct your model or prototype, you will probably need to make adjustments to your original design. Be certain to note these changes and why you are making them. If the changes are significant, you must make certain that your design is still the best alternative.
[[Insert Figure 2.20 here]]

TECHNOLOGY IN THE REAL WORLD:
Apple versus Microsoft

When you are designing something for yourself, you have only yourself to answer to and to satisfy. However, in the commercial world, a variety of constituencies and needs must be satisfied—the end user (the customer), the technological limitations (engineering), and business (profitability and fit with other products). The axiom known as Keep It Simple (KIS) is often championed, but not always applied. There is a tension between what marketing people want, what engineering people think they can do, and how people like to use the product or what they want from it.

One challenge that engineers and designers face is to keep some features out, as some people mistakenly think that adding more features always adds more market appeal. Often a comparison is made between Apple and Microsoft regarding simplicity and elegance versus multiplicity of features. Apple has concerned itself with everything from the computer hardware, how the keys feel when you push them (Figure 2.21), to the software applications. Microsoft, on the other hand, has dealt mainly with software. The menu bar in Microsoft Word (see Figure 2.22) has many features that typical users do not need; many users do not understand the iconic representations of these features on the menu bar. The design seems complicated for the typical user.

[[Insert Figure 2.21 here]]

[[Insert Figure 2.22 here]]

One goal of designers is to create devices that are minimally complicated; every function should be needed, and each function should be intuitively easy to understand. This is a great challenge, as technologically able designers want to use the various features of their design programs. The challenge of differentiating your product with simplicity is demanding. For example, a technology such as keyboard resistance may not be obvious to a user, but the technological creativity required to create this feature is significant.

The iMac is an example of design simplicity, sometimes called elegance. Unlike other desktop computers, the iMac contains no cooling fans. No fans mean no noise and one less thing to fail. In the iMac, the computer and monitor are cooled by natural convection—air passes through the computer in the same way that air passes over a radiator, convecting heat from the surface. Other computers rely on small fans within the casing to blow air over the circuit boards and keep them cool.

Phase 6: Test and Evaluate the Design Solution Develop a test, or several tests, to assess the performance of the design solution. Test the design solution, collect performance data, and analyze the data to show how well the design satisfies constraints and specifications. A form that might facilitate such assessments is shown in Figure 2.23.

Observing (monitoring) the results of the tests may suggest how you can improve the design or the construction of the solution. The testing is done scientifically by changing only one factor at a time. You should note the factors that affect the performance of your design; such factors are called variables.

All the information from your testing is gathered and analyzed to see if the design solves the problem. You will have learned a great deal about the problem and its solution as you construct and test the prototype. In the case of the sports bag, for example, perhaps only one person believed the straps should be wider, but six people wanted the top opening enlarged and four wanted a personal storage pouch on the inside. Several other comments involved having a water bottle holder, as well as having an external mesh for damp items.
[[Insert Figure 2.23 here]]

[[Insert Figure 2.24 here]]

Phase 7: Redesign the Solution with Modifications In the redesign phase, you critically examine your design and note how other designs perform to see how you can improve your own. In Figure 2.24, the decision was made to eliminate the external side pouches for personal items, and to replace them with an external mesh that opened at the top. A zippered enclosure on one end of the bag was replaced with a mesh bottle holder. The zippered enclosure on the other end was retained.

Identify the variables that affect the performance of your design. Think about scientific concepts that underlie these variables. Indicate how you will use scientific concepts and mathematical modeling to further improve the performance of your design. For example, perhaps in the design of a warning light, you found in an impact test that if you used a regular light bulb, it would be easily damaged. However, if you replaced the bulb with a light emitting diode (LED), the visibility would be just as good, and the design would be more rugged.

After any needed changes have been made, production of the full-scale design can begin. Perhaps a large building will be constructed, or a product will be mass-produced, as shown in Figure 2.25. Feedback should be obtained and used over the life of the product or solution to make sure that it continues to meet the design criteria. Designs are critiqued and redefined, then improved during development and during the product’s life. If necessary, additional changes are made to the product during its life. Changes occur when there are product recalls; for example, the windshield-wiper motors on a car might have to be redesigned if information indicates that the original design can create a safety hazard.

Phase 8: Communicate Your Achievements Complete a design portfolio or design report that documents the previously mentioned steps. Make a presentation justifying your design solution. Present your final design along with a summary of how it meets the specifications and constraints to solve the design challenge. Describe the design process that you went through and which phases were most important in creating your final solution
[[Insert Figure 2.25 here]]

[[Start Section TWO Feedback > here]]

SECTION TWO FEEDBACK >
1.
Describe the differences between specifications and constraints.

2.
Do you need to follow the design process sequentially? Why or why not?

3.
Why is technical knowledge and skill important in designing?

4.
What does optimization mean, and how is it related to the design process?

[[End Section TWO Feedback > here]]

SECTION 3: Further Considerations in Designing

[[Start Key Ideas > Box here]]

KEY IDEAS >
· Modeling helps engineers test for different conditions to which the product or process might be subjected.

· Teams and teamwork are very important during design projects.

· Many new designs are ecological; they fit with the natural environment and require a multidisciplinary team approach.

· Design includes factors such as safety, environmental considerations, maintenance, and repair.

· Design solutions change over time.

[[End Key Ideas > Box here]]

In design, balance is the key to success. Balance must exist between theory and practice; in other words, balance must exist between modeling and analysis skills and between hardware implementation and measurement skills.
Modeling

Modeling helps engineers test for the different conditions to which the product or process might be subjected. For instance, suppose we want to build a simple series circuit that contains a battery, a switch, and a light bulb. A flashlight operates on a simple series circuit, as illustrated in Figure 2.26. A physical model of this circuit is illustrated in Figure 2.27. In this figure, the battery is replaced by a symbol for a voltage source (battery), the switch is symbolically shown, and the light bulb has been replaced by a symbol for resistance. (A light bulb is essentially a resistor that heats up to a high temperature and radiates.)

What happens when the switch closes? Electrons flow from the battery’s anode through the circuit, the bulb lights up, and the electrons return to the battery at the cathode. Using an ammeter, we can measure the current flow. Let’s assume that you want to change the voltage, add another battery, and determine what happens. Let’s also assume that you want to do this for a variety of battery combinations. This can be time-consuming, which is why engineers use physical models that can be mathematically modeled. Using Ohm’s Law, the voltage drop across a resistor is equal to the current flow through the resistor times the resistance (V = i ( R). From this, we can model the current flow as i = V/R. In this instance, the voltage, V, is the battery voltage and R is the resistance measured in ohms. We can calculate the current for various voltages, and we are not required to set up a series circuit and measure the current each time.
[[Insert Figure 2.26 here]]
It is important to test the mathematical model against the experimental model to make sure the results are the same. Otherwise, using the mathematical model could lead us to make erroneous conclusions. For instance, even in this simple electric circuit, we are neglecting resistance in the wire and in the switch; we are also assuming that the battery voltage remains constant. These are reasonable assumptions in this situation, as copper wire has very little resistance, and the resistance of the switch is also very small. However, differences will often exist between the physical system, the physical model, and the mathematical model.

Figure 2.28 illustrates how physical (designed) systems, physical models, and mathematical modeling are related. A physical model is an imaginary physical system, which resembles an actual system in its salient features but is simpler and thereby more amenable to analytical studies. Mathematical models are made from the physical model; this idea is at the heart of engineering analysis. Technological judgment is needed here to make astute approximations; such approximations are made at the onset of an investigation, and they are the crux of engineering analysis.

Engineers employ the methodology in Figure 2.28 when they develop design solutions. They investigate alternative solutions to determine the best solution. They also employ the methodology to determine the performance characteristics of an actual physical system. However, engineers also need to check the accuracy of the modeling, so tests are performed on the actual system, as illustrated in Figure 2.29 and Figure 2.30.

The results are compared to the modeled system to check the accuracy of the model and provide direction for model improvement as necessary. This concept is illustrated in Figure 2.31.

[[Insert Figure 2.27 here]]

[[Insert Figure 2.28 here]]

[[Insert Figure 2.29 here]]

[[Insert Figure 2.30 here]]

[[Insert Figure 2.31 here]]

Engineering design is not trial-and-error gadgeteering. Engineers use their knowledge of science and engineering science to understand what is happening physically, their use of mathematics to create models for analysis, and their understanding of prior technological solutions so they can innovate. Then they create design solutions. This approach is in contrast to the process used by inventors, who may gadgeteer until they arrive at a workable solution that they can patent or manufacture.

The use of modeling, with its inherent predictive analysis, is an important characteristic of engineering. The importance of modeling and analysis in the design process has never been more important than it is today. These design concepts can no longer be evaluated by the build-and-test approach because it is too costly and time-consuming.

A variety of engineering models may be developed based on the particular need. Engineers ask: “Why am I modeling the physical system, and what is the range of operation for which I want my model to be valid?” If the need is system-design iteration, then a “design model” is needed. Iterations can then be performed, using, as a starting point, the results of the work performed with the design model. Models only need to be valid for the particular range of operation of interest. Thus, for the simple series circuit we discussed earlier, we can test the system for a wide variety of battery voltages and resistances.

Ecological Design

A trend in engineering and other design professions, such as architecture, is to seek designs that are compatible with the natural environment in their development, operation, and disposal. This trend springs from the growing suspicion that the affluence we currently enjoy is, in part, borrowed from the future. We are depleting natural resources, minerals, and energy at an irreplaceable rate. In the process, we could be creating an unsustainable world. Some people consider that we are living in two worlds. The first is the natural world that has evolved over 4 billion years. The second is the human-made world of artifacts, farms, roads, and cities designed over the last few millennia. The condition that threatens both worlds—unsustainability—results from a lack of integration between them. Many new designs are ecological; they fit with the natural environment and require a multidisciplinary team approach.

Ecological design is simply the effective adaptation to and integration with nature’s processes, as shown in Figure 2.32. It tests solutions with a careful accounting for their full environmental impacts. For example, some sewage treatment plants use man-made marshes to simultaneously purify water, reclaim nutrients, and provide habitat. These marshes also become agricultural systems that mimic natural ecosystems and merge with their surrounding landscapes. New types of industrial systems use the waste stream from one process as useful input to the next, thus minimizing pollution. Multidisciplinary teams are required to solve these complex problems.

Engineers with an ecological focus have observed that the traditional model of industrial activity—in which individual manufacturing processes take in raw materials and generate products to be sold, plus waste to be disposed of—should be transformed into a more integrated model: an industrial ecosystem. In such a system, the consumption of energy and materials is optimized, waste generation is minimized, and effluents of one process—whether they are spent catalysts from petroleum refining, fly and bottom ash from electric power generation, or discarded plastic containers from consumer products—serve as raw materials for another process.

[[Insert Figure 2.32 here]]

Engineering traditionally concerns itself with safety and efficiency; ecological design asks that we do more. We have already made dramatic progress in many areas by substituting design intelligence for the extravagant use of energy and materials. Computing power that, fifty years ago, would fill a small house with vacuum tubes and wires can now be held in the palm of your hand. The old steel mills whose blast furnaces, slag heaps, and towering smokestacks dominated the industrial landscape have been replaced with efficient scaled-down facilities and processes. Many products and processes have been miniaturized, dramatically reducing the energy and materials required to fabricate and operate them. For instance, some manufacturing now uses molecular nanotechnology. If we think about products at their most fundamental level as being atoms, then the properties of these materials depend on how the atoms are arranged.

In Figure 2.33, the nanomanufactured molecule was designed to be used in MRI scans to provide better contrast and perhaps attack cancer cells in the future. The possibilities of nanomanufacturing and nanodesign are seemingly endless. If coal atoms are rearranged, diamonds can result. Similarly, by rearranging the atoms of sand and adding a few trace elements, computer chips are made. Today’s manufacturing methods are very crude when viewed from a molecular level—casting, grinding, milling, and even lithography move atoms in huge groups. Molecular nanotechnology or manufacturing allows positioning of every atom in its correct place, yielding reduced costs in terms of materials and energy.

Certainly, society plays a pivotal role in creating a climate for change. For instance, in Germany, manufacturers are now required by law to either return and recycle old packaging or pay a steep tax. This law transformed the German packaging industry. Questions now include: How can durability and reuse be incorporated into packaging design? How can easy disassembly of packaging components facilitate recycling? These questions have triggered extraordinary innovations in reusable or recyclable packaging with corresponding environmental benefits, including decreased waste and decreased use of virgin materials. Traditional design does not ask these questions; instead, it emphasizes the importance of cost or convenience with minimal or no environmental considerations. Design solutions change over time. New technologies and new laws and regulations create different requirements for design. Design includes factors such as safety, environmental considerations, maintenance, and repair.
In a sense, evolution is nature’s ongoing design process. The wonderful thing about this process is that it happens continuously throughout the biosphere. A typical organism has undergone at least a million years of intensive “research and development.” A few years ago, two Norwegian researchers set out to determine the bacterial diversity of a small amount of beech forest soil and of shallow coastal sediment (Figure 2.34). They found more than 4,000 species in each sample, which more than equaled the number listed in the standard catalog of bacterial diversity. Even more remarkable, the species present in the two samples were almost completely distinct—nature’s design process yielded different solutions under different constraints.

In sustainable design of products and processes, three strategies are employed, with an eye toward ecological awareness, to address environmental effects: conservation, regeneration, and stewardship. Conservation slows the rate at which things are getting worse by allowing scarce resources to be stretched further. Typical measures are recycling, adding insulation, and designing fuel-efficient cars. Regeneration is the expansion of natural resources by active restoration of degraded ecosystems and communities. Stewardship is the practical quality of care in relation to other living creatures and the landscape. Stewardship requires continual reinvestment, observation, and design innovation. Consider the challenge of how to control erosion on a steep hillside. A conventional design could use a thick concrete retaining wall to hold the earth.
[[Insert Figure 2.33 here]]
[[Insert Figure 2.34 here]]

[[Insert Figure 2.35 here]]

In ecological design, the same goal is accomplished with natural processes, such as seeding the hillside with willow branches that sprout and develop articulated roots, holding the soil in place. However, the willows must be tended until the roots develop; knowledge of trees is required to distinguish between willows with deep root systems and other species with shallow root systems. Notice that the ecological solution uses very little energy and matter, but does require stewardship, while the traditional design method uses much more energy and matter, but requires little stewardship. As a society, we have expected engineers to bend an inert world into shape. An alternative is to catalyze the self-designing potentials of nature, allowing useful properties to emerge rather than deliberately imposing them. Figure 2.35 shows how these two approaches can come together in a compromise.

As you have seen, engineering design includes a number of factors. These factors often compete with each other, but all are important.

[[Start Engineering Quick Take here]]

ENGINEERING QUICK TAKE
Technical Decision Analysis

It is comparatively easy to select the best design from many if one of them clearly stands out as the best choice on several fronts. Nevertheless, competing designs will offer distinct features and have different advantages and disadvantages. Again, an inherent characteristic of the design process is its trade-offs, including cost versus material, material versus reliability, and reliability versus performance. This approach of weighing many different factors contrasts with using a single evaluation criterion, which often is cost.

Multi-Criteria Decision Analysis

The multi-criteria decision analysis technique allows us to balance criteria in a rational fashion and arrive at a best product. For example, in the next year or so, you may be considering a university to attend. How might you decide, in a rational fashion, among several universities? The multi-criteria decision analysis technique provides you with a methodology used by engineers in deciding between competing designs. Table 2.2 lists some typical criteria and their weighting factors that you might use in selecting a college. Not all criteria are equally important, so the relative importance of each criterion is denoted by the weighting factors. In general, determining the criteria and weights is not an easy task.

[[Start Table 2.2 here]]

Table 2.2 | Criteria and Weighting Factors for Selecting a College

	CRITERION
	WEIGHTING FACTOR (1–10)

	1.
Cost
	9

	2.
Class size
	6

	3.
Compatible student body
	7

	4.
Major desired
	8

	5.
Reputation
	7

	6.
Nearness to home
	5


[[End Table 2.2 here]]

[[Insert Figure 2.36 here]]
[[Insert Figure 2.37 here]]

Selecting Criteria

The criteria in Table 2.2 were used in selecting a university: Cost is a very important criterion and deserves a top weighting factor for most people. Nearness to home may not be as important to you, so it was given a lower weighting factor. One of the keys to success at a university is how you relate to your fellow students; if you find a compatible group of peers, you will be much more likely to have a successful college career. The size of the university may not be important to you. Whether the college or university has 2,000 students or 20,000 may matter less than whether it has the major you desire or enjoys a stellar reputation (see Figures 2.36 and 2.37). You might assign different weights to these factors, depending on which of the factors matters most to you.

Rating Criteria

At this point, you can select alternative schools and rate them with a score of 1 to 10 based on how well they perform in each of the six categories. The score is multiplied by the weighting factor, and the total for each school is determined. The highest total score indicates the best school based on these criteria. For example, you can contrast a large public university (LPU) with a medium-size private university (MPU). Table 2.3 indicates the scoring that might occur. In this example, the tuition cost of the public university is as inexpensive as possible, except perhaps for the community college; this fact yields a high score. The class sizes and number of students enrolled are much smaller at the private university; hence, its higher rating. The student-body characteristics of the private university were more appealing to this hypothetical student. On the other hand, the LPU did have the exact major the student desired (for example, ceramic engineering), whereas the MPU did not (for instance, materials science). The reputations of the faculty and graduates from both institutions were very good, with the edge going to the LPU because it has more research and publications. The MPU was nearer to home, which was a plus in this instance. You can see from the totals that the two universities are virtually tied in rating, indicating the difficulty in making a decision between two similar options.
It is possible for bias to enter the scoring, but there are ways to minimize this effect through benchmarking, which will be discussed in the following section.

[[Start Table 2.3 here]]

Table 2.3 | Weighted Comparison of Two Universities

	CRITERION
	WEIGHT (1–10)
	PRIVATE UNIVERSITY RATING
	PUBLIC UNIVERSITY RATING
	PRIVATE UNIVERSITY TOTAL
	PUBLIC UNIVERSITY TOTAL

	Cost
	9
	5
	10
	45
	90

	Size
	6
	10
	5
	60
	30

	Student body
	7
	8
	6
	56
	42

	Major
	8
	7
	9
	56
	72

	Reputation
	7
	7
	8
	49
	56

	Closeness to home
	5
	8
	5
	50
	25

	
	
	
	Total
	316
	315


[[End Table 2.3 here]]
Benchmarking Criteria

Benchmarking entails establishing what is the best for a given criterion, quantifying it, and then comparing a given product or process to the benchmark. For instance, in considering four-year undergraduate schools, the cost at the LPU is $10,000 per year while the MPU costs $20,000 annually. As noted earlier, the LPU has the lowest possible cost, and so its tuition becomes the benchmark value. To determine the rating of the universities, divide the benchmark value by the university’s cost, and then multiply by 10 to convert the number to a value between 1 and 10. For instance:

[image: image1.emf]
[[Insert Figure 2.38 here]]

[[Insert Figure 2.39 here]]

The average class size in the MPU is 25 students, which again is viewed as the lowest possible value and hence the benchmark value. The LPU has an average class size of 50. Class size can be an important criterion when selecting a college or university, as shown in Figures 2.38 and 2.39.

[image: image2.emf]
The analysis is very adaptable to spreadsheets, so adding more universities for comparison is not a chore. Determining the benchmark values requires research because the quality of your multi-criteria decision analysis depends on the quality of the data you use.

[[End Engineering Quick Take here]]

Teamwork

Very often, your education has focused on individual development, building competencies and understanding in a variety of subject areas, being individually accountable, and competing with your fellow students. The practice of engineering requires teamwork; you will work in teams on projects, and you will have both individual and group responsibilities (see Figure 2.40). Your advancement is based in large measure on whether your group achieves its goals. Teams and teamwork are very important during design projects.

Effective teams have many attributes, including respect for one another, the ability to listen carefully to others’ opinions, members taking responsibility for themselves and for the group, participation by all, and a common goal or purpose. Unfortunately, groups are often not organized as teams, but simply as people put together to work who may have no interest in assisting one another. Indeed, the reward system is often based on individual accomplishment, so, in effect, team members are competing against each other. This system will not yield a positive outcome from a team perspective. A positive, cooperative group or team requires individual and group goals, a common sense of purpose and support of one another’s achievements, and help with one another’s problems (see Figure 2.41). This requires time together and positive communication with one another.
[[Insert Figure 2.40 here]]

[[Insert Figure 2.41 here]]

Learning to work with others is a very important skill, and it is one that can be developed. Perhaps the most important attribute is your communicative ability—the ability to listen as well as to speak. Listen to other people’s ideas; try to understand why they think as they do without critically examining their words in the hopes of refuting them to promote your own ideas. In addition, you will need to express yourself clearly and thoughtfully, respecting others’ opinions, even when yours might be at odds with theirs. This open-minded attitude facilitates consensus. This is especially important on multidisciplinary teams in which people have different perspectives that need to be valued.

TECHNOLOGY AND PEOPLE:
Formula One

Seth Rosenberg and Eyal Angel are two mechanical engineering students who decided to design and build their own Formula One-style racing car—from scratch, not from a kit. This was a challenging undertaking, but the two followed the engineering design process. They knew the type of car they wanted: one that was similar to Formula One racecars, which are lightweight and very fast. They used the Ariel Atom 2, a British racecar, as their benchmark model.

Automobiles are made of systems that in turn are made from components, and everything has to work together. Seth and Angel, as he prefers to be called, did not take any courses in automotive design, but they were confident that their education in engineering courses would enable them to learn more. And learn more they did: During the research and investigation phase, they developed their own knowledge and skills involving suspension systems, exhaust systems, braking systems, and chassis design.

When designing the chassis, Seth and Angel used two computer-aided design (CAD) systems to help them visualize and analyze the car’s structure. Seth is a qualified welder and machinist, having worked in his grandfather’s machine shop since he was in middle school. These skills were essential, as he was the lead fabricator in welding the tubular steel together. Seth and Angel needed to know the size requirements for the various components before constructing the frame.

Their final design had a 2.4-liter, turbocharged rear engine, rack and pinion steering, and a five-speed manual transmission, fitted together to create a 1,200-pound car. The engine and transmission were from a wrecked 2004 Dodge Neon purchased on eBay. The Neon is a sport compact car, and the stock drive shafts that connect the wheels to the transmission were not long enough for their Formula One. Therefore, Seth and Angel had to design a new length for the parts and order longer driveshafts from a custom driveshaft shop.

[[Insert Figure 2.42 here]]

The cooling system posed its own set of design challenges. Seth and Angel wanted the radiator to be in the front of the car so it could get good air flow, but the engine was in the rear. The rack and pinion steering system was also custom designed, from the two universal joints that connected the steering wheel to the pinion, to the A frame that holds the wheels and the shock absorbers. The project required a tremendous amount of visual thinking, imagining how parts would move and interconnect, and fundamental analysis skills to make sure the components were strong enough.

Seth and Angel are delighted with their project, which they consider the dream of a lifetime come true. They hope to make their model “street legal” and to attract investors who would like a racecar of their own.
[[Insert Figure 2.43 here]]

A positive group will include shared leadership roles and shared responsibility, so everyone is empowered. There will be individual and group accountability, dividing tasks and supporting one another in accomplishing them, and a collective work product. For instance, you might have the opportunity to join with others in creating a float for a parade. This can be a terrific design project, a great chance to collaborate with people of many backgrounds, to develop teamwork, to have fun.

Both teams and working groups have tasks to accomplish, and the methods by which the goals are achieved are different. These divergent paths can often produce results of dissimilar quality. For instance, a working group should have a strong, clearly focused leader. This person can clearly articulate the group’s goals and tasks and assign different tasks for members to accomplish. On the team, the leadership role is more diffuse; there are shared leadership responsibilities in recognition of the talents that team members possess. In designing a parade float, as shown in Figure 2.43, people with an art background and heightened aesthetic sensibilities are essential, as well as people with technical abilities to create structural supports or moving parts. Their contributions need to be respected and other team members must listen to their opinions.

A focused leader model does not enfranchise these various opinions. The need for individual accountability and mutual accountability extends throughout the team structure. A working group has individual accountability; a team does too, but its members listen to and help one another to achieve their goals.

How can this spirit of positive collaboration be accomplished? A normal method is to have meetings in which open-ended discussion occurs and various voices are heard and respected, resulting in group problem solving in which all members are invested in the outcome. A group that incorporates leaders who delegate tasks to other team or group members can result in the same investment. A spirit of collaboration requires that we develop a respect for people with diverse backgrounds that are different from our own. These different perspectives will broaden our abilities and knowledge while we become more proficient engineers.

Building a consensus does not mean that everyone has to agree to every element of a group decision. Indeed, you may not agree with a decision, but you support it because it was arrived at through open discussion. In the open discussion, your point of view and those of others were listened to and understood. A collaborative decision evolved, based on an understanding of all points of view. This is difficult to achieve; it requires good communication skills, both in articulating points of view and listening to and understanding others.

As you can see, an important feature of effective teams is communication. Good communication skills are an essential attribute of successful engineers and engineering managers.

[[Start Section three Feedback > here]]

SECTION THREE FEEDBACK >
1.
Describe an instance in which teamwork helped you.

2.
What are the differences between the physical system and the mathematical model of the system?

3.
Think about a container that is thrown away. How might it be redesigned so it could be recycled or reused?

[[End Section three Feedback > here]]

SECTION 4: Ethics, Safety, and Risk

[[Start Key Ideas > Box here]]

KEY IDEAS >
· Products that are dangerous to use should fail safely.

· Public safety is of paramount importance when designing products and processes.

· Risk assessment tries to determine the probability of a negative event’s occurrence.

· In developing products, applicable regulations, codes, and standards are identified, and they establish the products’ basic safety requirements.

· Manufacturers cannot move too far ahead of what society expects in terms of product quality and still stay in business.

[[End Key Ideas > Box here]]

Engineers often would like to ignore moral dilemmas and would rather deal with issues related to problem solving in the physical world. These dilemmas are problems to which there is no right solution, but they indicate the awareness that engineers must develop if they are to participate fully in society. Being attuned to issues other than those in technical areas is part of the obligation of being a professional engineer. Not all problems are technological and not all problems can be solved technologically. Some problems have political implications, while other problems offer no complete solution, but only a way to minimize poor solutions. These problems are aspects of life that engineers must constantly recognize.

For example, many communities need affordable housing for people and families with low, medium, and high incomes. As with all design decisions, there are trade-offs in terms of advantages and disadvantage to each possible solution to this problem (see Figure 2.44). For instance, housing development increases housing density, which theoretically should lower the cost of homes and make them more affordable to families. However, there are other impacts on transportation, schooling, and utilities that mitigate against high-density housing and often cause a net tax increase for the entire community involved.

Safety

Engineers most often work as part of a design team, making decisions about a product or service that affects the whole, and they are affected by the works of others. Engineers are increasingly aware of product safety when designing new or improved products. Public safety is of paramount importance when designing products and processes. Society holds a manufacturer responsible for a product’s performance, even if that product is used in a manner unintended by the manufacturer, and even if intermediaries have sold the product. This does not mean that a product cannot wear out, but it should do so in a safe fashion. Engineers cannot foresee every circumstance in which a product may be used, so they must be diligent in assessing how it fails. Even though the company for which an engineer works, not the individual engineer, might be held liable when a product fails, an engineer’s responsibility to society and to the company requires attentiveness and care. Even products that can be dangerous to use should fail safely. When products fail safely, they cease to function, but do not cause injury in failing.
[[Insert Figure 2.44 here]]

Product quality involves gray areas. A company must be able to make its products at a cost that is low enough to be competitive with others. If a product has the highest quality, but it consequently has a high and uncompetitive price, the company may not be able to remain profitable and may be forced out of business.

Many household products require built-in safety features. Today, for example, lawn mowers for homeowners have two handles that need to be squeezed together, as shown in Figure 2.45. One is the handle needed to push and direct the mower, and the other is an automatic cutoff. If the cutoff handle is not held simultaneously with the other handle, the mower will not run. If you let go of the cutoff handle, the mower will stop. Several decades ago a cutoff handle was seldom found on lawn mowers. However, people would injure themselves by trying to pick up mowers while they were still running, losing fingers and hands in the process. Modern regulations exist to try to prevent such problems.

[[Insert Figure 2.45 here]]

Manufacturers cannot move too far beyond society’s expectations in terms of product quality and remain in business. With new technologies and materials available, an engineer can often redesign and improve product quality without increasing cost. In today’s world marketplace, engineers compete with other engineers from all nations. The need to maintain or increase product quality while decreasing product cost is ever more important.

Because companies become responsible for products they manufacture that are later misused, engineers must design high-quality products that meet standards of excellence. A company may be held liable for a variety of reasons:

1.
The product’s design is defective, so it cannot be safely used for its intended purpose.

2.
The manufacturing process is flawed; for instance, the testing and inspection are deficient.

3.
The product labeling is inadequate regarding warnings and proper use.

4.
The product packaging allows safety-related damage during shipping, or the product parts may be separated, allowing sale in dangerous form.

Certainly this seems like a formidable list of requirements, but these requirements do not constitute an impossible challenge for a company to overcome. Quality control and quality assurance have become significant in all phases of manufacturing, from design to distribution.

Risk and Risk Assessment

Ideally, all products and projects would be 100 percent risk free. That ideal is unattainable, but a design should nevertheless present minimal risk to people and the environment.

Risk assessment is a combination of art and science. Its purpose is to try to determine the probability of some negative event’s occurrence. While the science of making the calculations is quite easy, the art of assessing the validity of the calculations is not (see Figure 2.46). For instance, approximately 24,000 people died in automobile accidents in 1987, out of a total of 2.5 trillion miles driven. Thus, the risk (probability) of an accident occurring per mile was:

[image: image3.emf]
If you were to take a-mile trip, the probability that you would have a fatal accident is 9 × 1–7, or about one chance in a million. If you were not careful in selecting the data for the previous calculation, you might have included pedestrians killed by automobiles in the total number of deaths, which in 1987 was approximately 49,000 people. Including pedestrians would therefore have resulted in calculation of a higher probability of a fatal accident. Additional methodology could be used to further refine the data with other considerations, such as whether you were the driver or passenger, wore a seat belt, drove in a certain state, or drove in certain weather conditions. In any case, data is available, and the calculations are straightforward.

In the area of biological sciences, data is not as available, which increases the uncertainty of a risk assessment. For instance, peanut butter (see Figure 2.47) contains very low levels of a chemical called aflatoxin B. This chemical is produced by a fungus that attacks peanuts when they are not carefully dried and stored, and it has been shown to cause liver cancer. One study found that consuming a 10-ounce jar of peanut butter would increase the risk of death due to liver cancer and aflatoxin B by about one in a million (similar to the risk factor of death when driving 100 miles).

But how certain are the numbers used in the study? Much more interpretation is necessary. Simply finding the number of deaths due to liver cancer per year and dividing by the total consumption of peanut butter does not provide the answer, for many reasons. For example, there are many other causes of liver cancer, such as excessive alcohol consumption. In addition, other grains and nuts that are part of the food chain contain aflatoxin B. To further complicate the data, a person does not die immediately after consuming aflatoxin B; it can take up to 30 years, during which other events can occur that may aggravate liver cancer. One methodology used in such research is epidemiological study, in which statistics are used in attempts to find correlations between groups of people. It is easy, however, to draw erroneous conclusions using this methodology.

Biological studies rely on the use of animals, and the results of these studies must be extrapolated to humans, as humans are not used for initial testing. Such extrapolation introduces another type of error. For instance, in one experiment to test the lethality, a lethal dose, of a certain chemical, a guinea pig required one microgram/kg of its body weight, a hamster required 5,000 micrograms/kg of its body weight, a male rat 22 micrograms, and a female rat 45 micrograms. Which test animal’s data would be best to use if the results were extrapolated to humans? This is a very important question to answer. To further complicate the situation, animal tests usually use high dose levels to determine if a chemical is toxic. As you can see from the animal studies, there is not a straight-line connection from the weight of one animal to that of another. It is very difficult to extrapolate what level is dangerous to a human from small-animal testing. This further contributes to uncertainty in describing risk. Some forms of testing for environmental hazards face the same uncertainties.

[[Insert Figure 2.46 here]]

[[Insert Figure 2.47 here]]

[[Insert Figure 2.48 here]]

[[Insert Figure 2.49 here]]

Another question arises: How does one assess a new technology’s risk where no negative events yet exist? The fact that a negative event has not yet happened does not mean it can never occur.

Also, in a study of pollution risks, the public may fear that not all factors are included in the risk assessment or that some risks may be hidden. Studies have shown that we are much more accepting of a known and uncontrollable risk (such as the risks of skiing, as shown in Figure 2.48) than a hidden (see Figure 2.49) or unknown risk such as those posed by air or water pollution, in which not all factors can be quantified.

The perception of risk includes many factors, such as the following:

1.
Imposed risks seem greater than those that are voluntary. For example, some people will risk skiing more readily than they will eat foods that contain preservatives.

2.
Unfairly shared risks are viewed negatively, as the person receives no benefit from the risk.

3.
Risks that are personally controllable are easier to accept.

4.
Natural risks are less threatening than risks created by humans. Thus, naturally occurring radon in soil is less objectionable to most people than radon found in radioactive mine debris.

5.
Risks from catastrophes, whether natural (earthquakes) or man-made (Bhopal), are very frightening to people.

6.
Risks associated with advanced technologies, such as hormones that increase milk production in cows, are far less acceptable than risks from known technologies, such as car and train crashes.

In developing a product, the applicable regulations, codes, and standards are identified, and these serve to establish the basic safety requirements. The product concept is weighed, with safety requirements on one side, and the schedule, feasibility, and costs on the other side. The designer must examine safer alternatives if they exist, and if a product liability lawsuit is a possibility. The engineer must consider the user, as well as user error and safety, in the design of any product or project. This becomes very difficult for a large project, as the complexities of the systems create a staggering array of possibilities for misuse.

[[Start Section four Feedback > here]]

SECTION FOUR FEEDBACK >
1.
Are electric toasters dangerous? How can their safety be improved?

2.
Why do you think risks associated with advanced technologies are far less acceptable to people than those from known technologies?

[[End Section four Feedback > here]]

CAREERS IN TECHNOLOGY
Matching Your Interests and Abilities with Career Opportunities: Automotive Service Technician

You know that automobiles are technologically sophisticated machines, from computer-controlled engines to hydraulic and pneumatic systems. With more and more cars and trucks in service, the demand for people who can repair and maintain them is strong. People with good diagnostic and problem-solving skills who can understand these complex system interactions are in demand. Potential automotive service technicians also need to possess a good knowledge of electronics and must have good mechanical aptitude. Because automotive technology is continually changing, service technicians must continually upgrade their knowledge and skills.

Nature of the Industry

Today’s vehicles are complex systems that integrate computer-controlled electronics to run the vehicles and measure their performance while on the road. For instance, if a car’s engine starts to knock because of gasoline detonation, the engine’s timing will automatically be retarded, or delayed, to reduce the knocking. Technicians must have a broad-based knowledge of the systems and how they interrelate, as well as the ability and training to operate electronic diagnostic equipment. Most often, information about a vehicle is stored in computer files that are automatically updated by the manufacturer.

Working Conditions

Most service technicians work at least 40 hours per week (including some evenings and weekends to accommodate customer needs). Usually, the work environment is well-lighted and well-ventilated, though it can be drafty and occasionally noisy. The work requires handling dirty parts and sometimes working in awkward positions. This can result in minor cuts and bruises, but seldom serious accidents.

Training and Advancement

People who want to be service technicians should complete formal training in a high school, postsecondary vocational school, or community college. Some people still learn a trade in an apprenticeship from experienced workers; however, because of the increasing complexity of automotive systems, this is not the best training experience. High school programs vary in complexity and scope; some are extensive and keep up with current technologies, but others do not. Postsecondary training programs also vary a great deal, but most combine classroom and hands-on laboratory instruction. The training may vary from six months to a year, and a graduate receives a certificate of completion. Community college programs typically are two years long; the graduate receives an associate degree or certificates related to the training.

Training in electronics is essential because electronic malfunctions, including those related to the computer systems in vehicles, are involved with the majority of problems in automobile malfunctioning. Typically, technicians purchase their own tools, which eventually can amount to an investment of thousands of dollars. The service station or garage provides the diagnostic and engine-analyzing equipment.

This career path does not necessarily lead to becoming a service technician. Candidates who have good communication and interpersonal skills and who work well with customers can become service managers.

Outlook

The area of automotive repair will experience continued growth, consistent with the growth of the economy, through the year 2014. Because service stations will continue to offer fewer repair services, employment will primarily be in automobile dealerships and independent repair facilities.
[Bureau of Labor Statistics, U.S. Department of Labor, Occupational Outlook Handbook, 2008–09 Edition, accessed January 7, 2008, http://www.bls.gov/oco/]

Summary >
Engineers are creative people who imagine and design new technologies that solve problems. In the process, they often improve our standard of living. In their work, engineers bring together knowledge from science, mathematics, social sciences, and humanities.

Engineers use the design process to creatively apply their knowledge to design and develop new products and processes. Design, modeling, and analysis are key concepts in the design process. The design process has several stages that are iterative and nonlinear. These stages include
· determining the problem with specifications and constraints,
· conducting research and investigation,
· generating alternative solutions,

· deciding on the best solution,

· developing prototype,

· testing, evaluating, redesigning, and
· communicating information about the design.

The informed design process models the engineering design process with guided research and investigation.

Engineers work on teams. They use modeling in developing new designs. Modeling and analysis to predict system and product behavior has replaced the build-and-test method for evaluating design concepts. This approach can make a company very efficient in the process of designing new products.

The projects that engineers work on and the designs that engineers create all require documentation. Your written communication should persuade others that you are correct, that your reasoning is sound, and that your conclusions are convincing.
Engineers are very concerned about creating products that are safe to use. Ethics is the application of a moral philosophy to standards of behavior. When you are a practicing engineer and a contributing member of society, you sometimes must face dilemmas that have no one right answer. Society holds a manufacturer responsible for a product even if it is used in an unintended manner or if intermediaries have sold the product. This does not mean that a product cannot wear out, but it should do so in a safe manner. Design engineers must be diligent in assessing how a product fails, and they must design products to fail safely.

We would like all products and projects to be risk free, but this is not possible. A design should present minimal risk to people and the environment. Risk assessment is a combination of art and science used to help determine the probability of a negative event occurring.

FEEDBACK
1.
The purpose of this problem is to demonstrate sketching and creativity. Take a large piece of drawing paper and draw approximately 30 freehand circles that are about 1 inch in diameter and 2 inches apart. Then, in a timed exercise of 5 minutes, sketch details on each circle that define it. Examples would be a flower blossom or a baseball.

2.
In the game called Pictionary, you must sometimes sketch concepts. Make an abstract sketch of each of the following things or concepts: animal, tree, shut, penetrate, collapse, turbulent, sharp, decayed. The idea of this exercise is for you to communicate ideas to yourself, not to others.

3.
Select a consumer product and determine the best or optimal brand. Include the characteristics you believe are important, and why you believe they are important. Select four criteria you would use in testing the product.
4.
Consider a consumer product that you purchased or examined in a store. How might the packaging be redesigned for reuse? For recycling? How might the product have different design features so that it could be recycled into component parts?
5.
Pick a popular consumer product (such as soda, lipstick, pickles, or cookies) and determine the best variety. Develop criteria for testing and evaluating the product, perform the tests, and prepare a report justifying your selection.
6.
What is the role of ecological design in the design process?
7.
Investigate the following products, noting any design deficiencies that should be addressed or features that you believe should be added: vacuum cleaner, clothes dryer, snow blower, popcorn popper, toaster, coffee maker, telephone answering machine.
8.
Consider a procedure such as changing a car’s tire or replacing a bicycle tire. List the necessary steps and tools needed for each step. Devise alternative sequences for performing the same task.
9.
Expand the following problems with more complete definitions:

a.
Design a lamp.

b.
Design a car jack.

c.
Design a hair dryer.

d.
Design an apartment building.

10
Develop additional definitions for the following design problems:

a.
a reserved-seat system for commuter trains

b.
a manufacturing assembly line for making picture frames

c.
a sorting machine for plastic bricks of various colors

11.
Develop a list of ideas for solving the following problems:

a.
finding a dropped contact lens

b.
locking all of a house’s exterior doors from one location

c.
creating a wake-up alarm for sleepy drivers

d.
collecting golf balls on a driving range

e.
filling a beverage bottle on the ground from a second-story window

12.
The following products have inherent dangers while being used. Identify the danger and develop ideas to overcome or limit it:

a.
electric toaster

b.
electric hedge trimmer

c.
chain saw

d.
incandescent light bulb

13.
Satellites are used for many types of communication, including telephone and television. Describe how they are used; include the satellite system’s age and any vulnerability inherent in it.

14.
The global positioning system (GPS) uses geosynchronous satellites that pinpoint locations on earth using comparatively inexpensive equipment. Discuss how the system operates and then discuss the implications of having this information freely available.

15.
Thomas Edison was a dynamic inventor, engineer, and businessman. Investigate his life; note the hours he worked when seeking a solution, his use of teams to develop ideas into products, and his business acumen in searching for products that had market potential.

16.
Alexander Graham Bell created the telephone, but he originally wanted to improve communication for deaf people because he had a deaf child. Investigate the telephone’s development; note the integration of other people’s ideas into a completely new invention.

17.
Develop a list of criteria that you would use in comparing different brands of the following products:

a.
bicycle

b.
backpack

c.
laptop computer

d.
tennis racket

18.
Investigate “cookies,” which are applets that are downloaded by Web sites onto computer hard drives. Is this a wise idea? Are there ways to control the downloading of cookies, small text files that contains Web site addresses that are installed on your computer by software from the website?
19.
Privacy and the Internet are major policy concerns that are currently being addressed by governments worldwide. Many European nations hold different beliefs from those held in the United States about what information should be made available over the Internet. This is particularly true in regard to financial information, such as credit cards. Investigate these differences between the United States and Europe, noting the different views of what protections governments should provide.
20.
Construct a list of advantages and disadvantages between three modes of transportation: automobile, train, and airplane. Some of the factors to consider are cost, accessibility, safety, luggage storage, and sleeping. The advantages and disadvantages may change depending on the distance traveled (for example, 10 miles, 500 miles, or 3,000 miles).
21.
Cellular phones are becoming the primary means for telephone communication in developing countries. Hardwiring (copper or fiber) does not have to be in place to use cell phones. Discuss how cell phones operate, including the need for cell towers, roaming, and satellite connectivity. Include the issue of privacy in your discussion. It is very easy to listen to other people’s cellular conversations, but is it legal?

DESIGN CHALLENGE 1:
Creating a Dehydrator

· Problem Situation

An elementary-school group is planning a weekend hike during which participants must carry everything, including their food and clothing. The group is concerned about the heavy load each person will have to carry. Unable to think of ways to substantially reduce the weight of their backpacks, the group has turned to you for advice.

· Your Challenge

As part of a group, you will design, construct, and test a dehydrator that dries fruit as efficiently as possible while still maintaining its quality.

Refer to this activity in the student workbook. Complete the first section of the Informed Design Folio (IDF), stating the design challenge in your own words.

· Safety Considerations

1.
Never cut toward your body or point any sharp item at your body or at anyone else.

2.
Do not eat the apples.

3.
Do not put your fingers near a rotating fan blade.

4.
Wear protective glasses at all times.

5.
Be careful with the ends of the wire mesh; they can be sharp.

· Materials Needed

1.
Six apples

2.
Knife for slicing apples

3.
Four wooden strips, each with dimensions of 60 cm ( 1 cm ( 1 cm

4.
Wire cutter

5.
Bell wire

6.
Several kinds of wire mesh, including plastic-coated

7.
3-volt electric motor

8.
Two battery holders

9.
Fan blade

10.
Two C batteries

11.
Aluminum foil, 10 square feet

12.
One 100W–120W floodlight or heating lamp

13.
Cardboard and/or foam board, 10 square feet

14.
Duct tape

15.
Graph paper or Microsoft Excel spreadsheet application

16.
Scale for weighing apples and wire mesh

· Clarify the Design Specifications and Constraints

To satisfy the problem, your design must meet the following specifications and constraints.

Specifications

Dehydrate the maximum weight of apples for a single dehydrating session. Dehydrating time will be set by the instructor. Teams must estimate their design’s efficiency based on the data. Efficiency, or e (grams/min), is defined as the time it takes to achieve a specified weight loss.

e = (initial weight – final weight)/time

Constraints

1.
You may only use approved materials.

2.
The drying surface must have an area no greater than 196 square inches.

3.
You must take all apple slices from a single apple, discarding the initial slices that are covered by skin and the core, before taking slices from another apple.

4.
The drying tray must be removed to facilitate weighing.

5.
Refer to the IDF and state the other specifications and constraints. Include any others that your team or your teacher included.

· Research and Investigate

1.
Refer to the Student Workbook and complete KSB 1, Dehydration Techniques.

2.
Refer to the Student Workbook and complete KSB 2, Humidity and Evaporation.

3.
Refer to the Student Workbook and complete KSB 3, Data Analysis.

4.
Refer to the Student Workbook and complete KSB 4, Geometric Modeling and Analysis.

· Generate Alternative Designs

Refer to the Student Workbook and describe modifications to the standard design solutions, indicating with sketches what you consider to be each solution’s strengths and weaknesses. Your sketches should show sufficient detail, and they should include justifications for your different solutions.

· Choose and Justify the Optimal Solution

Refer to the Student Workbook. Explain why you selected a particular solution and why it was the best.

· Display Your Prototypes

Construct the fruit dehydrator. Include drawings of the various elements used to construct it. Also include a sketch of the final design or take a photograph of your model and put it in the Student Workbook.

In any technological activity, you will use seven resources: people, information, tools/machines, materials, capital, energy, and time. In the Student Workbook, indicate which resources were most important in this activity. How did you make trade-offs between them?

· Test and Evaluate

Did your new design meet the initial specifications and constraints? Indicate the tests you performed, including the experiments you performed to verify the design. What was your dehydrator’s efficiency? Include the time-versus-weight data.

· Redesign the Solution

Respond to the questions in the Student Workbook about how you would redesign your solution based on knowledge and information that you gained during the activity.

· Communicate Your Achievements

In the Student Workbook, describe the plan you will use to present your solution to your class and show what handouts or graphs you will use (You may include PowerPoint slides).

DESIGN CHALLENGE 2:
Creating a Mechanical Pinball Machine

· Problem Situation

It is a rainy day, and you are visiting a friend’s home. Rather than playing a pinball video game on the computer, you tell him it is possible for you to build your own pinball machine. He finds this hard to believe.

· Your Challenge

You and your team members are to create a mechanical pinball machine, without electronics, that is fun to play.

Refer to this activity in the student workbook. Complete the first section of the Informed Design Folio (IDF), stating the design challenge in your own words.

· Safety Considerations

1.
Never cut toward your body or point any sharp item at your body or at anyone else.

2.
Wear protective glasses at all times.

3.
Be careful handling the edges of the Plexiglas and metal strips.

4.
Glue guns are hot; do not touch the tip of the gun.

5.
Do not overextend rubber bands or snap them.

· Materials Needed

1.
One 24” × 24” piece of plywood

2.
Push pins, nails

3.
One 24” × 24” piece of foam board

4.
Glue

5.
6 sticks, 1 centimeter square and 60 cm long.

6.
Rubber bands of different widths (1/8”, ¼”, and 3/8”)

7.
Ball bearings with a diameter of 5/8”

8.
Plexiglas strips and metal strips

· Clarify the Design Specifications and Constraints

To satisfy the problem, your design must meet the following specifications and constraints.

Specifications

1.
The board must be tilted at a minimum of 10 degrees to the horizontal.

2.
The ends of the flippers must be no closer together than twice the ball diameter.

3.
The ball must travel at least twice the board length in the maze you create.

Constraints

Refer to the IDF and state the other specifications and constraints. Include any others that your team or your teacher included.

· Research and Investigate

1.
Refer to the IDF and complete Knowledge and Skill Builder 1, Checking Out Toys.

2.
Refer to the IDF and complete Knowledge and Skill Builder 2, Angles and Bumpers.

3.
Refer to the IDF and complete Knowledge and Skill Builder 3, Creating a Maze.

4.
Refer to the IDF and complete Knowledge and Skill Builder 4, Designing Flippers.

· Generate Alternative Designs

Refer to the IDF and describe four of your possible solutions to the problem.

· Choose and Justify the Optimal Solution

Refer to the IDF. Explain why you selected a particular solution and why it was the best.

· Display Your Prototypes

Construct your solution. Put a photograph or sketch of your final design in the IDF.

In any technological activity, you will use seven resources: people, information, tools/machines, materials, capital, energy, and time. In the IDF, indicate which resources were most important in this activity. How did you make trade-offs between them?

· Test and Evaluate

How will you test and evaluate your design? In the IDF, describe the testing procedure. Justify how the results will show that the design solves the problem and meets the specifications and constraints.

· Redesign the Solution

Respond to the questions in the IDF about how you would redesign your solution based on knowledge and information that you gained during the activity.

· Communicate Your Achievements

In the IDF, describe the plan that you will use to present your solution to your class and show what handouts or graphs you will use. (You may include PowerPoint slides.)

Numbered Figure
Figure 2.1|This colonial birdhouse is made from pottery, formed from clay, a natural resource. Colonists wanted nearby birds to eat pests and so created appealing homes for the birds.

Figure 2.2|No engineering design is needed to create a simple plank bridge.

Figure 2.3|The diagrams show the walkway of the Kansas City Hyatt Regency Hotel, both as designed (a) and as constructed (b).

Figure 2.4|Engineering designer Othmar Ammann used his knowledge of bridge design and traffic flow to create a dramatically new design—the George Washington Bridge connecting New York City to New Jersey.

Figure 2.5|Designing turnpike connections requires multilevel visual understanding.

Figure 2.6|Mark Zuckerberg is the founder of Facebook.

Figure 2.7|Three blocks can be stacked to create a simple arch.

Figure 2.8|Dr. Barbara McClintock investigated corn and found that genes for physical traits were carried in chromosomes. She won the Nobel Prize for her work in 1983.

Figure 2.9|A Venn diagram illustrates the connections between seeing, imagining, and drawing.

Figure 2.10|Sometimes a backpack is a bit too big.

Figure 2.11|Ideation sketches are quick sketches to capture the essential elements of a design and prompt further thinking about the design.
Figure 2.12|Mathematical analysis of a wheelbarrow allows people to predict the amount of force required to lift the load.

Statement: A wheelbarrow carries a 200 lbf load. The wheelbarrow’s handle is 5 feet long and held at an angle of 20° to the horizontal. The load’s center of gravity is 2 feet from the wheel’s axis. Determine the lifting force and the force on the tire.

SOLUTION

Given: A wheelbarrow has a known load acting at its center of gravity. The length & angle of the handle are known.
Find: The lifting force and the force on the tire.
Sketch & Given Data:

Assumptions: The wheelbarrow is in static equilibrium.

Analysis: From the
[image: image4.emf]
Figure 2.13|The informed engineering design process is nonlinear, but it is guided by established design principles.

Figure 2.14|The specifications for a product (here, a sports bag) are the performance requirements or output requirements that the solution must fulfill.

Design Challenge: Design and construct a sports bag that is durable and can be used for students engaged in a variety of sports activities—volleyball, tennis, baseball, and soccer.

Specifications:

· The sports bag should be large enough to hold clothing and sports equipment associated with each sport; however it does not need to be long enough to hold a baseball bat or tennis racket within the bag.

· The material should be colorful and waterproof.

· There should be straps that allow for over-the-shoulder carrying as well as carrying by handles.

Constraints:

· The sports bag should not cost more than $25 retail.

· The straps should be adjustable.

Figure 2.15|You need to do thorough research in order to identify problems, issues, and questions that relate to a design challenge. In addition to searching the Internet and conducting interviews, you can do research at a library.
Figure 2.16|Companies conduct market research to find out customer preferences, such as what they like or don’t like about their current toothpaste.

Figure 2.17|Brainstorming can lead to multiple ideas, as shown in these sketches of possible sports bag designs.
Figure 2.18|How do you decide which television to purchase?
Figure 2.19|A prototype provides a working model for testing the sports bag design.
Figure 2.20|This small model of an F/A 18 EF airplane was tested in a wind tunnel before the first actual plane was built.
Figure 2.21|Here Steven Jobs introduces the keyboard for the new iMac. The resistance on the keys of an Apple iMac increases with finger pressure.
Figure 2.22|The design of the Microsoft Word menu bar might seem complicated to some users.

Figure 2.23|The information from product testing is gathered and analyzed to assess the sports bag design.

Ten people were interviewed about their opinions of the prototype sports bag and to ascertain that the bag met with specifications. The bag is 25 inches long and 13 inches square at each end. The following questions were asked:

1)
Is the bag large enough for you to consider using as a sports bag?

2)
Are the handles satisfactory?

3)
Do you like the having the option of carrying the bag with handles and with an over the shoulder strap?

4)
Is the top opening large enough for your sports equipment?

5)
Is waterproof material important in a sports bag?

6)
Are internal compartments useful to you?

7)
Are there any features missing that you think are important?

	Question
	Yes
	No
	Comments

	1
	10
	
	

	2
	9
	1
	Wider shoulder strap

	3
	10
	
	

	4
	4
	6
	Max out the opening

	5
	10
	
	

	6
	6
	4
	Prefer personal items on inside

	7
	
	
	Water bottle holder; external mesh for damp items


Figure 2.24|The prototype will be modified to include a bottle holder, mesh side bag, internal compartment for personal items, and larger top opening.
Figure 2.25|After any needed changes have been made, production of the full-scale design can begin.
Figure 2.26|A flashlight operates on a simple battery, switch, and light bulb series circuit.
Figure 2.27|A physical model shows a representation of a battery, switch, and light bulb circuit.
Figure 2.28|This diagram indicates the relationships between physical systems, physical models, and mathematical models.
Figure 2.29|Testing of an actual physical system, coupled with analysis of experimental data, yields performance indicators of the actual system.
Figure 2.30|A reusable rocket engine is tested in a NASA test facility.
Figure 2.31|Comparing modeled and actual system performance allows you to refine the physical and mathematical models.
Figure 2.32|Plants can clean the waste from water through a series of engineered ecosystems.
Figure 2.33|A nanomanufactured spherical molecule, trimetasphere, has 80 carbon atoms that can contain metallic atom ions.
Figure 2.34|The Norwegian coast is very dramatic, with deep fiords and rugged coastlines rising steeply to hilltops. To hilltops hence there can be great ecological diversity in a short distance.
Figure 2.35|A greenwall is a compromise between solely ecological design and traditional retaining-wall design.
Figure 2.36|This Google Earth image of Iowa State University was taken at an elevation of 2.5 km. You can use Google Earth to measure the distance across the campus.
Figure 2.37|Bryn Mawr is a small liberal arts college.
Figure 2.38|Students often work in teams in laboratory courses; even at large universities, the laboratory sections are comparatively small.
Figure 2.39|Unlike a typical high school class, students in a college course might fill a large lecture hall.
Figure 2.40|Teamwork is necessary in this Habitat for Humanity home construction project.

Figure 2.41|Outward Bound participants need to work as teams to survive challenges that a single person would be hard pressed to solve alone.

Figure 2.42|Seth Rosenberg and Eyal Angel designed their own Formula One-style automobile.
Figure 2.43|Making a float for a parade requires teamwork, using the abilities of many different people.
Figure 2.44|A housing development reflects a trade-off between density, the need for housing, affordability, and societal impact.
Figure 2.45|Notice the lawn mower has two handles that must be grasped for the engine to operate. Releasing the lower handle stops the engine.
Figure 2.46|Congested traffic affects many urban areas; a minor benefit is that cars stuck in traffic must travel so slowly that most accidents are not fatal
Figure 2.47|How much, if at all, does peanut butter contributes to liver cancer?
Figure 2.48|Skiing can be fun, but it can also be risky.
Figure 2.49|Machines like this were used in the 1940s and 1950s to X-ray people’s feet and determine how well their shoes fit. The practice stopped when people learned that the X-rays were giving off dangerous amounts of radiation.
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