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he original Science by Design series

was published in four volumes in

2000 by NSTA Press. The develop-

ment of the series was funded by the

National Science Foundation, and each of the
four units that constituted the original volumes
in the series—Construct-a-Boat, Construct-a-
Catapult, Construct-a-Glove, and Construct-a-
Greenhouse—were created by TERC, a nonprofit
education research and development organization.
The original four volumes have been updated
and combined into a single book, Science by Design.

Organization of the Units

Each unit includes an introductory section with
notes from the developers on integrating science
and technology, schedule and cost, key ideas,
inquiry and design, student portfolios, standards
and benchmarks connections, SciLinks, and a
course outline. The Introduction is followed by
five activities:

1. Design Brief
2.  Quick-Build
3. Research

4. Development
5

Communication

Compare these materials to a highway: if you
rush straight through, your students will learn
only a little about the territory they have crossed.
We provide a number of interesting side roads (see
Appendix A of each unit), which you may or may
not choose to investigate. Following these side

Preface

roads will take more time, but there is no better
way to explore the linkage of inquiry and design.
For your first trip, you may want to stay close to
the highway, but as you gain experience, we hope
you will travel farther and farther from it.

Inquiry and Design

Students undertake inquiry and design as itera-
tive, multidisciplinary processes through which
students develop abilities in designing and con-
ducting investigations, recognizing and apply-
ing models, constructing explanations, making
predictions, creating solutions, decision making,
building, testing, and evaluating.

The Inquiry Process

The inquiry process is often viewed as a cycle of
action that repeats until the investigators reach
a satisfying solution. It can be described with
seven basic elements: identify, plan, research,
experiment, explain, evaluate, and communicate.
Appendix A of each unit includes a detailed
description of the inquiry process and a list of
questions related to the process.

The Design Process

The design process is often viewed as a cycle
of action that repeats until the designers reach
a satisfying solution. It can be described with
seven basic elements: identify, create, investigate,
choose, implement, evaluate, and communicate.
Appendix A of each unit includes a detailed
description of the design process and a list of
questions related to the process.
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Standards and Benchmarks
The Introduction of each unit contains a table
linking the tasks of that unit to the following
standards and benchmarks:

e Project 2061: Benchmarks for Science
Literacy (American Association for the
Advancement of Science [AAAS] 1993)

o Technology for All Americans: A Rationale
and Structure for the Study of Technology
(International Technology Education
Association [ITEA] 1996)

o National Standards for Social Studies Teachers
(National Council for the Social Studies
[NCSS], Task Force on Social Studies
Teacher Education Standards 1997)

o Professional Standards for Teaching
Mathematics (National Council for
Teachers of Mathematics [NCTM] 1991)

e National Science Education Standards
(NSES) (National Research Council 1996)

The complete reference for each of these
sources is given at the end of the table in each unit.

Text Reconstruction

Appendix B of each unit provides text recon-
struction exercises that cover the key ideas of the
unit. This well-established technique for reading
and writing improvement has roots going back
to Benjamin Franklin as well as a number of
famous authors. Many teachers find that includ-
ing text reconstruction in a reading assignment
highly motivates students and results in a much
higher rate of homework completion. Chapter
5 of Why Johnny Can’t Write (Linden 1990)
includes complete instructions on how to design
your own exercises. Additional exercises can be

found in Analyze, Organize, Write (Whimbey and
Jenkins 1987).

An instructional process that uses inquiry or
design places great demands on class time. It is
impossible to cover all essential content within
the few hours per week students spend in class.
Science and technology courses must therefore
insist that students learn from reading. This
means they must also provide realistic opportuni-
ties for students to improve their ability to learn
from reading.

Text reconstruction works as a method of
improving reading skills by focusing student
attention on the most important elements of the
reading task. First, it changes the reader’s per-
ception of his or her role from that of a passive
absorber of information to that of an active agent
who must sort out a puzzle. This is probably the
main reason text reconstruction exercises are
popular with students. Second, text reconstruc-
tion forces students to pay attention to the logic
of a paragraph. In science, it is not the separate
ideas that are important, but rather the logic that
ties them together. When passively reading a
paragraph, one can easily miss that logic, but in
text reconstruction it is impossible to complete
the task without thoroughly understanding these
interconnections. A student who reconstructs
a paragraph will understand its structure and
meaning far more deeply than a student who
memorizes every word but considers them only
in their current order.

In Science by Design, we employ various tech-
niques to encourage student reading and writing.
These are not extras, but rather essential elements
of the program. The exercises assume that your
students are relatively strong readers. If your
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students are weak readers or are not used to seri-
ous homework, then you will need to increase
the amount of attention you pay to improving
reading skills. Text reconstruction can be used
to convert any kind of reading assignment into
a stimulating puzzle. The more use you make of
text reconstruction, the more your students will
read and the better they will understand.

Assessment and Portfolios
Student activity sheets may be used for formative
or summative assessment. The first Snapshot of
Understanding in each unit is intended as a pre-
learning index of prior knowledge. The answersin
this Snapshot may be compared with the answers
in the final Snapshot given at the end of the last
activity, for student self-assessment of learning.
Because group work is stressed throughout each
unit, group assessment may prove to be more
appropriate than individual scores. However,
depending on your class objectives, homework
assignments may provide the best measure of
individual performance.

A portfolio can be a useful tool for maintain-
ing individual accountability in a teamwork
environment because it allows students to
capture representative samples of their work
over time. One resource among the many guides
to portfolio assessment is Portfolio Assessment:
A Handbook for Educators by James Barton and
Angelo Collins (1997).

Internet Searches

Internet searches are often an important part
of inquiry units. When assigning an internet
search, a few cautionary words about censorship,

commercialism, and privacy issues should be
included. You may want to consult your school’s
computer lab director for assistance.

The following suggestions are intended to
improve the educational effectiveness of inter-
net searches:

e Set an objective, assignment, or contest
that requires each student or pair of
students to turn in a search path or
research result printout at the end of
the session. Inform students how the
deliverable will be used for assessment.

e Schedule enough time for the activity so
that the slower navigators will be able to
reach predetermined destinations, while
offering options for speedier students to
move beyond those destinations).

¢ Consider pairing students—
inexperienced with familiar, confident
with scared, leaders with followers,
disciplinary problems with angels, and so
on—to create peer teaching opportunities
and reduce individual distractions.
Pairing will also decrease the network
traffic in your lab, which could otherwise
decrease computer response times.

e It is useful to review the structure of
search commands and how to limit a
search by combining key words. You
might want to prepare a list of key words
that you have tried and found productive
for groups to pick from according to their
interests or assigned objective. Having
everyone achieve a common destination
and then diverge will increase the class’s
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overall depth of exploration if results are
to be shared.

e After the search, you may want to
provide a list of websites from your
own resource list and invite students to
submit additions to it. In addition, you
may want to ask students to bookmark
useful websites.
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Introduction

Integrating Science and
Technology

Construct-a-Boat is aligned with the National
Science Education Standards for process and
content standards in both physical science and
mathematics, as shown in the Standards and
Benchmarks Connections table later in this
section. Through inquiry and design, students
develop conceptual understanding of electrome-
chanical energy transfer, friction, and mathemati-
cal modeling. Because design activities motivate
inquiry, and inquiry informs design, students
engage in the iterative processes of scientific
inquiry and technological design through a vari-
ety of hands-on activities.

Schedule and Cost

The minimum time needed to complete the core
unit is about 12 class sessions. More time will be
needed if you choose to extend the unit either by
undertaking a more advanced design and fab-
rication process or by pursuing more advanced
treatment of mathematical modeling.

Working in teams, students make a quick-
build model boat using the Design Brief challenge
and instructions (1 or 2 class sessions). During the
research and development phases (at least 7 class
sessions), students take baseline measurements,
identify relevant variables, design and conduct
experiments, study the model boat system,
propose conceptual models, and generate pos-
sible solutions to their design problems. Students
develop designs, build the models, conduct
further investigations, analyze their data, and

redesign their models if necessary. The unit con-
cludes with student presentations of products,
including supporting scientific arguments (3—4
class periods).

We suggest that you impose a very low cost
limit on materials ($1-5 per student) and encour-
age the use of recycled materials.

Key Ideas

Each key science idea used in Construct-a-Boat
is covered in a text reconstruction exercise in
Appendix B (p. 82).

Forces, Speed, and Acceleration

As they seek to meet the design specifications
of the boat, students learn about mass, speed,
acceleration, and forces through practical appli-
cation of these concepts. Students investigate
the relationships among these variables through
qualitative observation and quantitative mea-
surement of changes and rates of change in each
variable.

Systems

Students work with variables to study system
behavior. They learn to construct the feedback
loops that determine the limits of model boat
performance.

Modeling

Students apply the science and math necessary
to build an accurate scale model, and they extend
this analysis to computer modeling. Homework
and class assignments guide students through
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problem solving in algebra and in plane and solid
geometry, and they show students how to make
connections to other disciplines.

Inquiry and Design

Because the focus of Construct-a-Boat is on the
design-and-build process, students develop con-
ceptual, mathematical, and computer models with
structured guidance, and they apply expert-built
models to the making of a scale model. Optional
homework readings on the history of boat-build-
ing provide context for the technological design
background given to the students in this unit.

Student Portfolios

The following items can be accumulated in port-
folios for summative assessment:

Pretest: Snapshot of Understanding

Initial questions: Design Brief

Individual information search

Sketch of boat hull design

Brainstorming record

List of variables

Research and results

Group process description: Inquiry Process
Group process description: Design Process
Prototype demonstration notes

Group summary documentation: Product
Prospectus

Posttest and self-assessment: Snapshot of
Understanding

NATIONAL SCIENCE TEACHERS ASSOCIATION



Standards and Benchmarks Connections

Students recognize the evolution of computer models and scale models in the
shipbuilding industry and the impact of resulting performance improvement on the

i NCSS VI
environment.
Standard/Benchmark: Science, Technology and Society
Students recognize that systems have layers of controls. AAAS 9-12

Standard/Benchmark: Design and Systems

Students troubleshoot common mechanical and electrical systems, checking for possible
causes of malfunction. AAAS 9-12
Standard/Benchmark: Manipulation and Observation

Students recognize the use of scale modeling for performance testing.

Standard/Benchmark: Design and Systems AAAS 9-12
Students use tools safely for construction. AAAS 9-12
Standard/Benchmark: Manipulation and Observation

Students identify and describe variables that affect the efficiency of the boat as a

mechanical system. AAAS 9-12, ITEA
Standard/Benchmark: Systems; Processes: Determining and Controlling Behavior of II, NSES K-12
Technological Systems; Evidence, Models, and Explanation

Students interpret scale drawings, interpret and draw three-dimensional objects. AAAS 9-12,
Standard/Benchmark: Communication Skills; Geometry From a Synthetic Perspective NCTM 7
Students understand how things work and design solutions using systems analysis. AAAS 9-12

Standard/Benchmark: Systems

Students compare model predictions to observations and use computer models to
explore the logical consequences of a set of instructions. AAAS 9-12
Standard/Benchmark: Design and Systems; Information Processing

Students recognize that different properties are affected to different degrees by changes
in scale. AAAS 9-12
Standard/Benchmark: Scale

Students understand how mathematical modeling aids in technological design by
simulating how a proposed system would theoretically behave; students recognize the AAAS 9-12,
limits of a mathematical model in how well it can represent how the world works. NCTM 1

Standard/Benchmark: Symbolic Relationships; Mathematics as Problem Solving
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Students recognize tables, graphs, and symbols as alternative ways to represent data
and relationships that can be translated from one to another, and use the computer for

producing tables and graphs and for making spreadsheet calculations. AAAS 9-12
Standard/Benchmark: Symbolic Relationships; Manipulation and Observation

Students model real-world phenomena with a variety of functions, and they represent

and analyze relationships using tables, verbal rules, equations, and graphs to translate NCTM 6

among tabular, symbolic, and graphical representations of functions.
Standard/Benchmark: Functions

Students design and conduct a scientific investigation, and they formulate and revise
scientific explanations and models using logic and evidence. NSES 9-12
Standard/Benchmark: Science as Inquiry

Students observe that objects change their motion only when a net force is applied.

Standard/Benchmark: Physical Science NSES 9-12
Students develop abilities of technological design, including brainstorming design ideas,
choosing among alternative solutions, implementing a proposed solution, and evaluating
. . NSES 9-12
the solution and its consequences.
Standard/Benchmark: Science and Technology
Students communicate the design problem, process, and solution, and write clear,
. : L s AAAS 9-12,
step-by-step instructions for conducting investigations. NSES 9-12
Standard/Benchmark: Communication Skills; Science and Technology
Students self-assess their learning by comparing pre- and post-Snapshots of
: AAAS 9-12,
Understanding. NCSS VIl

Standard/Benchmark: Issues in Technology; Science, Technology, and Society

Source Key:
AAAS = American Association for the Advancement of Science. 1993. Project 2061: Benchmarks for science literacy. New York:
Oxford University Press.

ITEA = International Technology Education Association. 1996. Technology for all Americans: A rationale and structure for the
study of technology. Reston, VA: ITEA.
NCSS = Task Force on Social Studies Teacher Education Standards. 1997. National standards for social studies teachers.

Washington, DC: National Council for the Social Studies.
NCTM = National Council for Teachers of Mathematics. 1991. Professional standards for teaching mathematics. Reston, VA:
NCTM.

NSES National Research Council. 1996. National science education standards. Washington DC: National Academies Press.
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Course Outline

Introduction

¢ Overview: Model Boat Design Brief

¢ Snapshot of Understanding
¢ Scale Modeling at Work

Quick-Build

Overview: Quick-Build Model Boat
Quick-Build Specifications
» Blueprint

» Electrical Drawings

» Electrical Switch Detail Drawing

Making a Test Tank
Exploring the Model Boat System

Systems Modeling Introduction
Homework

Causal Relationships: Linking Variables

Research

SCIENCE BY DESIGN CONSTRUCT A

Overview: Research
Baseline Measurements

Organizing the Data

Identifying Variables

Scale Model Preparation Homework
Applications of Scaling

Scale Model Extensions Homework
Fluid Friction Dynamics

Minimizing Surface Area

Development

Overview: Development
Designer Problem
Builder Problem
Prototype Construction

Evaluating Your Design

Communication

Overview: Communication
Creating a Project Report
Presentation

Reflection and Recommendations

Snapshot of Understanding
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Model Boat Design Brief

In this unit you will be researching, designing, building, and improving a model boat.
For purposes of this challenge, you are an employee of Quality Boat Systems (QBS), a
company that designs boat hulls for carrying people and cars. Like many other boat
design companies, QBS has been able to develop cost-effective, high-performance
hulls by computer modeling and testing scale models. Your customers want boats that
will speed up service. QBS scientists say that the way to do this is to maximize the
boat’s acceleration and its top speed.

Design Challenge

As a member of a product research and development team, research how to improve
acceleration and top speed by redesigning the boat hull. If successful, your new design
will perform better than the quick-build model.

Scope of Work

o Quick-Build: Make a quick-build model boat according to plans and collect
baseline performance data.

e Research: Identify and research key design features.

o Development: Redesign the model hull to improve performance; test the new
design to calculate percent improvement in performance; and document
progress, design improvements, and tests.

o Communication: Write a report and present your work.

NATIONAL SCIENCE TEACHERS ASSOCIATION



MODEL BOAT DESIGN BRIEF

Specifications
Salespeople have determined that QBS can sell boats to customers with the following
specifications similar to the M/V Nantucket:

Performance Specifications
e Maximum top speed: 30 km/hr
e Maximum acceleration: 0.1 m/s?
¢ Fuel consumption: ~350 1/hr

e Power twin 3,000 horsepower turbine

Physical Specifications
e Weight: 1,170 metric tons
e Length overall: 70 m
e Beam: 18 m
e Vehicle capacity: 60 midsize cars

e Passenger capacity: 1,100 (including crew)

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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1 What I Already Know About Models, Systems,

5C INKS. and Design

S———— The unit of study you are about to begin will challenge you to design, build, and test

the performance of a model boat. To meet this challenge, you will have to investigate
Topic:  acceleration the physics of performance and the concepts of a model boat system. Before you begin,
Goto: www.scilinks.org record a sampling of what you already know by answering the questions below. This is

Code: CABO1 not a test; rather, it is a series of questions about your current knowledge of key ideas

_/  in this unit. At the end of the unit, you will answer similar questions and compare

what you have learned.

1. What are some of the factors that would have significant effects on the speed and
acceleration of a model boat?

2. Do these factors have any effect on each other? If so, what might those effects be?

3. What are models used for?

10 NATIONAL SCIENCE TEACHERS ASSOCIATION



MODEL BOAT DESIGN BRIEF

4. What is a system?

5. Have you ever designed a project or built something with tools?

If yes, describe your project and list your major process stages from concept to
finish. If no, think about and list what steps you might go through to design and build
a boat hull for higher performance.

6. Describe an experiment that determines which of two boats has greater acceleration.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE 11
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Testing Ship Performance

In shipbuilding, scale models are basically small versions of the ship that the designer
wants to make. It is important that the model look like the ship and act like the ship. Ship
designers often do their testing on models to develop cost-effective, high-performance
ships. Testing is cheaper, less time-consuming, and safer when carried out on models
rather than on full-scale ships.

By placing the model in a test tank, designers can measure handling characteristics
such as stability in heavy seas, resistance to forward motion, and power required to
move at a certain speed.

Sometimes ship designers must build and test several models, particularly if they
are working under strict requirements regarding speed, fuel cost, and the ship’s effect
on the environment. Years ago, one or two tests were enough to ensure that the actual
ship would satisfy design requirements. Today, however, ship designers must find
ways to lower fuel costs and reduce pollution from engines, so it has become more
important to design efficient hulls. Designers often test models and make modifications
many times for each design.

One measure of ship designers’ success with models is how much they can reduce
the cost of running a ship over a 20-year lifespan. It is not unusual to obtain a 10-15%
improvement as a result of careful model testing. These gains can be obtained by
making small changes in the shape and finish of the hull, the size of the propellers, or
the power of the engine.

\

\tjt:ztjtj

—ow———w—y/o0coooo
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On new cruise liners, fuel costs have been reduced by 10-15% through model testing.
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DAY

Teacher Pages

Give students the Model Boat Design Brief and the Snapshot of Understanding. Have
students read the design challenge. Working individually, students answer questions
about their prior experience with modeling and with designing experiments. Initiate
class discussion and highlight important design issues.

As an optional homework assignment, students might read about the history of
boatbuilding to understand boat design as it has evolved from a craft to the highly
developed computer modeling techniques of today.

Preparation
* Read and become familiar with the entire unit.
¢ Photocopy student activity sheets for distribution.
¢ Define your assessment system with a clear, simple description.

¢ Locate optional homework readings that feature local boatbuilding activities:
traditional or contemporary.

Materials
e Student Activity Sheets
» Course Outline
» Overview: Model Boat Design Brief
» Snapshot of Understanding
» Scale of Modeling at Work

¢ Ring, Pocket, or Folio Binder (student supplied; for keeping student activity
sheets, notes, laboratory journal, and drawings for reference and portfolio)

Time Requirement
This activity requires one class session. Completing the Snapshot of Understanding
takes about 20 minutes.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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Teaching Suggestions

Introduction

Hand out the Model Boat Design Brief student activity sheets. Ask students to keep
these and future sheets together and to bring them to the classroom with other notes to
serve as a record and reference for daily activity (and assessment) in the unit. Advise
students that they will work in teams, using processes of technological design and
scientific inquiry, and that other teams will critique their prototype with respect to the
challenge criteria.

Students are also required to document their activity in a laboratory journal in
order to contribute effectively to the final team presentation and to enhance their
individual portfolios. Be clear on your rubrics for assessing their work and share them
with students. Indicate which activities will be individually graded and which will be
given a team score. Be prepared to justify team scoring if some students (or parents)
are not used to the idea.

If computer modeling, computer-aided design (CAD), or computer-aided modeling
(CAM) activities will be involved, you may want to mention this at the beginning of
the unit, but hold introduction of the equipment until a later class.
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Preassessment

Hand out the Snapshot of Understanding. Emphasize thatitisnotatestand thatstudents
will not be graded on this activity. The purpose of the Snapshot is self-diagnostic—to
find out what students know initially about the key science and technology learning
objectives of Construct-a-Boat.

An inventory of students’ prior knowledge is an important teaching and learning
tool. Not only does the inventory help guide students toward the concepts they need
to learn the most, but it also prepares them to accept new information in a manner that
ties meaningfully to what they already know. At the end of Construct-a-Boat, students
will be able to compare answers given at the beginning of the unit with those they will
answer at the end of the unit.

Collect and retain the Snapshots after students complete them.

Computer Use

This unit can be conducted with little or no computer use, or it can involve some or
all aspects of computer modeling, data collection, design, and manufacturing. If you
decide to use computer modeling, you will need to introduce these concepts briefly
and indicate what level of expertise you expect students to acquire in these areas.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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Quick-Build Model Boat

The quick-build is a simple model boat that you build to begin exploring the variables
that affect boat performance. Your team can build it quickly, within one class period.
Use the specified materials to build this model, and follow the technical instructions.
You will then use the quick-build to make some baseline measurements. Do not make
any design changes before you make baseline measurements!

Quick-Build Specifications

This section provides materials and tools lists, technical instructions, and technical
drawings. It is important that you build according to the technical instructions and
drawings provided. The quick-build ensures that every team starts in the same way,
and you will be assessed on the improvements you will make to the quick-build’s
baseline performance. You must make the baseline measurements before you redesign
anything so that you can measure improvements accurately. Be sure to check with
your teacher before you make any substitutions for materials.

Materials and Tools for Each Team

Materials Tools

e polystyrene (hull) * saw

e 9-volt battery e pliers

o #22 AWG wire e wire strippers
e fan e wire cutter

¢ battery connector e sandpaper

e binder clip ¢ hot glue gun
e hot glue e metric ruler

e large paper clips
e electrical tape

e switch
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QUICK-BUILD MODEL BOAT

Technical Instructions

1.

SAN- B R

Cut the polystyrene to meet requirements for length and width of the scale
model hull according to the blueprint.

Position the fan 2 cm from the quick-build stern. See the blueprint for details.
Build the switch according to the electrical switch detail drawing.
Build the electric system according to the electrical drawings.

Place the 9-volt battery and switch on the top surface of the hull. The waterline is
where the surface of the water meets the hull. Position the battery and switch so
that the waterline is parallel to the deck. Fasten them in place using glue or tape.

Straighten the two outer bends of each of two paper clips, and insert the straight
end into the center of the hull. The paper clip will look like an upside-down “J.”
See the blueprint for details.

All lengths must be accurate within 2 cm. This type of acceptable error margin is
called tolerance.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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Blueprint
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Note:

Align centers of
boat hull, battery,
switch, fan, and
paper clips.

[—— oo —»

9V battery

4
0

Top View
e 30.0 >
i switch 1.9
wire ﬂ j

'\— J v
paper clips

I
N

I'd paper clip ﬁ paper clips
fan \ 9V battery
P / 45° switch 4/1 90:\5
Front View / Side View

|«—05—»]

polystyrene

Dimensions are in
centimeters

Tolerances: .X = +/- 0.2 cm

Title: Model Boat Quick-Build

Material: Polystyrene

Drawn By: SCALE

Checked By: 1:2
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Electrical Drawings

These drawings illustrate two different ways to show how the parts are connected.

switch

9V
battery
t 4
connect
ngtch
O
red wire
+
&V —— fan motor
battery T
black wire

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE

19



20

Electrical Switch Detail Drawing

electrical
tape
insulator

)
1
-\
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QUICK-BUILD MODEL BOAT

Making a Test Tank
Materials List
Part Type Quantity
Sides wood 2.5 m x 5 cm x 10 cm 2
Seal 6 mm plastic sheet 1 roll, 60 cm wide
Corner bracket corner 30 cm
Nails 8d 32
Duct tape 1 roll
Guidepost 2
Guidewire monofilament fishing line 1 roll

Technical Instructions

1. Fasten guideposts so that they are centered at each end of the tank.

2. Tie the monofilament fishing line to each guidepost, making sure that the height
is adjusted so that the line can run through the approximate center of the paper
clips on the quick-build. Your ability to do this will be affected by the height of
the water.

C:V (e i°/ /

78"

A

v

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE 21



22

Exploring the Model Boat System
A system is a collection of interacting elements that function together as a unit. By
studying the design of a boat as a system, you begin to understand why a boat performs
well or poorly. Then you can improve the boat’s performance by redesigning the most
important elements of the system.

The purpose of this activity is to explore the performance of your quick-build
before you make any design changes. As you explore, keep track of your observations
and hypotheses about what affects the speed of the boat.

Observe

Run your quick-build along the water tank and observe what happens to the boat,
the guidance system, the water, and other elements. You don’t have to take any
measurements, just make qualitative observations. Describe what you see and try to
explain your observations in the space below.

Make an Educated Guess

Discuss with other members of your team which elements in the model boat system
will affect its performance the most. Write down what you and your teammates think.
Here are some questions to help you get started:

1. What makes the boat move? Is it the battery, the fan, the switch, the fishing line, or
some combination of these elements?
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QUICK-BUILD MODEL BOAT

2. What makes it hard for the boat to pick up speed?

3. You are challenged to redesign the boat hull. What part does the boat hull play in
helping with the boat’s performance? How does it affect the other elements?

4. Do you or your team have other ideas?

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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Systems Modeling Introduction Homework
A system is a collection of interacting elements that function together. Here are two
examples of how to think about the boat steering control system.

4 Example 1. The effect of the rudder on the boat direction. As the
pilot increases the rudder angle, the turn rate increases. The plus

—

boatturn Sign means that an increase in rudder angle causes an increase in

direction  turn rate.
Example 2. The steering system of the boat, including the pilot.

rudder angle

rudder \
@gle

The boat pilot sees the error in the boat’s direc-

tion and corrects by increasing the rudder angle. The minus sign direction
. . . error
means that an increase in rudder angle causes a decrease in the
direction error. This is called negative feedback and results in a desired
stable system—the boat stays oriented in the desired direction. boat
direction
direction error
rudder
rudder angle angle
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Evaluate the following statement and then answer the questions below: An increase in S C

speed causes an increase in water friction. I N K 5
®

. THE WORLD’S A CLICK AWAY
1. Is this statement correct? v

Topic:  friction
Goto: www.scilinks.org
2. Why or why not? Code: CABO3

3. When a change in one quantity causes a change in another quantity in the same
direction, we say that the first quantity has a positive effect on the second quantity. When
a change in one quantity causes a change in another quantity in the opposite direction,
we say that the first quantity has a negative effect on the second quantity.

In the diagrams below, show two distinctly different ways to complete the link,
each containing (1) an arrow head and (2) a positive or negative sign.

speed water friction

speed water friction
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4. Combine the two links from step 3 to make one diagram.

5. State in words what your diagram shows.
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Teacher Pages

Student teams make the quick-build according to technical instructions and drawings

provided in the unit. Teams are challenged to exercise the communication skills of

translating technical texts and drawings into a real object. They then explore the

qualitative performance of the quick-build before making any design changes.

In a homework assignment, students are introduced to the use of systems diagrams

to represent causal relationships.

Students are introduced to diagrams for linking functionally related variables.

They explore the relation of speed to friction as it will impact their boat’s performance.

Preparation

Obtain quick-build construction and testing materials.
Run through the quick-build assembly yourself.
Modify instructions to fit your materials.

Preview library and internet resources.

Consider noise, safety, and access to water (access to AC power is optional) in
choice of work site.

Organize materials for orderly access.
Determine the strategy for student team formation.
Prepare a test tank.

Contact local boatbuilders (optional).

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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Materials
For Each Student:

e Student Activity Sheets

» Overview: Quick-Build Model Boat

» Quick-Build Specifications
» Making a Test Tank

» Exploring the Model Boat System

» Systems Modeling Introduction Homework

» Causal Relationships: Linking Variables

For Each Team:

Materials

Time Requirement

This activity requires one class session.

polystyrene (hull)
9-volt battery

#22 AWG wire
fan

battery connector
binder clip

hot glue

large paper clips
electrical tape

switch

Tools

saw
pliers

wire strippers
wire cutter
sandpaper
hot glue gun

metric ruler
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Teaching Suggestions

The quick-build class needs to be fast-paced. Due to the variation in fan motors and
other elements of this lab, it is particularly important that you preview all aspects of
the quick-build assembly before working with students. You should modify instruc-
tions to fit your circumstances. You should also feel certain that all teams will be able
to complete the quick-build tasks within the class time assigned to each task.

Students will want to test their boats immediately, but you should delay perfor-
mance measurements until the research section of this unit, where a framework for
performance testing is developed. During the quick-build, emphasize frame questions
to elicit qualitative answers such as “more” or “less.” Questions requiring numerical
answers should be postponed until later in the unit.

Tolerances and assembly drawings are included to provide a realistic machine-
shop setting. If technology education is a high priority in your classroom, you will
want to enforce strict adherence to this aspect of the unit. Otherwise you can decide
which aspects best suit your objectives.

The quick-build and subsequent research sections stress systematic descriptions of
qualitative relations. It is likely that these considerations will be new to your students.
Do not be surprised if your students show disdain for the qualitative questions in
these materials. Your students may also feel intimidated by the apparently simple, but
in reality very difficult, reasoning that lies behind the qualitative questions. It is very
important that you show your own enthusiasm for these questions and that you insist
that students know how to handle them before moving on to quantitative calculations.

Research on the learning of mathematics and science has shown that standard
modes of instruction place far too little emphasis on these essential aspects of math-
ematical thinking (Stigler and Hiebert 1999). Comparisons of expert and novice
problem-solving practices show that a key characteristic of expert problem solvers is
that they spend a great deal of time with qualitative issues before ever considering a
numerical calculation. Novices tend to use a formula immediately, often without any
understanding of its function or suitability.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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You have completed the quick-build and made rough observations of the Construct-
a-Boat system. Your team’s challenge is to improve the performance of your boat so
that it will achieve a higher top speed as quickly as possible after starting. You will
first need to establish some baseline measurements, then collect data on variables that
are important to high performance, and investigate how these variables work with or
against each other.

There are different ways to go about meeting your challenge. Trial and error is
one method—fiddling around until something works. Trial and error is usually more
effective when it is not an entirely random process; an educated “try” by an investi-
gator who is alert to outcomes can yield shortcuts. However, time investment, cost-
effectiveness of materials, and labor are usually important considerations that work
against the benefits of trial and error.

A systematic approach to research involves careful planning and documentation,
and this approach has several important strengths. Planning allows for division of
labor, a sensible cost estimate, and a manageable time schedule. Estimates and sched-
ules are essential if you want to finish the project on time and at a price you can afford.

Scope of Work
e Experiment with your quick-build to determine baseline data.
e Research the science concepts related to the performance of the boat.
» Identifying variables and effects
» Scaling
» Minimizing surface area

¢ Read science textbooks to study the relationships among force, speed, and
acceleration.

e Explore the use of conceptual models, computer modeling, and scale models
in explaining, designing, and evaluating a physical system.
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Baseline Measurements

Purpose

To show that you have met the challenge scientifically, you will need to compare your
quick-build performance data with your final design. You can use the quick-build
performance data as a baseline, and from that data you can tell if your design changes
actually improve performance. Remember that your challenge is to redesign and build
a boat hull that will (1) achieve the highest top speed and (2) achieve the greatest
acceleration.

Collecting Performance Data

In the space below, write down a plan for collecting data to show (1) the top speed
of a model boat and (2) the time it takes for the boat to achieve top speed. In your
plan, describe what you are measuring, how you are measuring it, what calculations
you need to make, how many people are needed to take measurements, and other
pertinent information.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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Organizing the Data

Well-organized data will help you keep track of improvements in your designs and
will help you make better designs in later stages. Carefully collect and record your
data. Include notes on unexpected occurrences, such as someone bumping the water
table. Organize your data so that you can make sense of it and use it later when you
are redesigning your boat hull.

Set Up Tables for Recording Original and Calculated Data

Here is an example of recording and calculating data for the change of speed over time:

Time on Distance From  Speed at Speed Change =

Stopwatch Starting Point Distance Speed_- Speed_,
(seconds) (WEEO)] (m/s) (m/s)

In your notebook or laboratory journal, set up tables for all variables that you have
identified, measured, or calculated. Your tables should not look exactly like the one
above, which is given only as a rough example. Below your table, leave space for notes
on unexpected occurrences.
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RESEARCH

Represent Your Data Using Graphs

Think about what you might want to study or show graphically. Graphs allow you to
visualize relationships between the variables you are measuring and to see changes
in your data. There are different kinds of variations over time: distance traveled,
instantaneous speed, and acceleration all change over time. Here is an example of how
you may represent this kind of variation:

Speed Over Time

1--
o8 T
®
E o6 T
®
© 04 T
wn
02 T
o +—+——F+—+—+—+—+—+—+—+—+—1

Time (s)

Make similar graphs for all variables that you have identified, measured, or
calculated.

Are There Other Ways to Work With Data?

If you have access to a computer and spreadsheet software, such as Excel, try making
the tables and graphs using a spreadsheet.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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Identifying Variables

You have already made measurements of the speed of your quick-build, and you have
probably noticed that the measurements vary over time. You will now identify the
factors that could produce these variations.

Improved performance for the Construct-a-Boat challenge was defined as
achieving higher top speed and reaching top speed in a shorter time. The scientific way
to meet this challenge is to determine which variables affect improved performance.
Once you've identified these variables, you can make sure to include these variables
in your design changes.

Discuss variables with members in your work group, then complete the table
below.

Variable Why Is It Important? How Do You Measure It?

Mass

Force of the motor

Friction of the water

Wet surface area

Surface roughness

[add your own]

Plan for Collecting Data for Model Boat Variables
Complete the table on page 36 for a plan to do your experiments. Make sure that your
plan provides answers to these questions about each variable that you have identified:
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1. Is this variable directly measurable? If not, what can you measure to obtain
quantitative data on this variable?

2. How do you do the measurement? Specify tools and comment on your expecta-
tion for accuracy.

3. Will you need to do any calculations from your measurements?

4. How do you calculate for the variable that you want to study? What assumptions
or estimates do you need to make?

Use the space below to put down ideas, either your own or those of your teammates.
These ideas do not have to be perfect or complete, and you do not have to write in
complete sentences. Phrases, charts, or diagrams can sometimes do a better job, as
long as you can come back to them later when you need to revisit your first thoughts.
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Measurement Plan

What to How to

Variable Measure Measure Calculations

Put model on mass = weight/
Mass Weight triple beam (acceleration due to
balance gravity)

Force of motor

Friction of water

Wet surface area

Surface roughness

NATIONAL SCIENCE TEACHERS ASSOCIATION
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RESEARCH

Working With the Variables
We want to know how each variable affects (1) the top speed of the boat and (2) the
time it takes the boat to reach top speed.

Design a table (or some other way to record your data) so that you can work with
the variables you have planned to investigate. Use the space on this page to record
your ideas, and keep legible copies of your measurements for later reference.
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Scale Model Preparation Homework

The shape of the scale model is the same as the actual boat you hope to design even
though the model is smaller. You can calculate the linear scale factor by taking the ratio
of the actual boat length to the model boat length. This will be useful to determine
other dimensions of the model boat. Calculate what the linear scale factor would be for
a 30 cm model of a 230 ft. boat and write it below.

Linear scale factor =
Use the boat design specifications and the linear scale factor to determine how
wide the 30 cm model boat should be. The width of a boat is called the beam. For your

ferry, the beam is 18 m.

Real boat length =
Model boat length =

Real boat beam =
Model boat beam =
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Applications of Scaling

Try using the linear scale factor to calculate the weight of the model boat. Explain why

you cannot use the result. Use the space below to show your work and explanation.
Work out a strategy to estimate the weight scale factor for the model boat; it should

allow you to calculate the weight in grams. Write the strategy below and include any

assumptions you must make.

r——7

Weight scale factor =

S

7
r——
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Scale Model Extensions Homework

1. Use the weight scale factor to calculate the weight for the model boat based on the Design
Brief data for a real boat with no cars or people. Write your solution below in grams.

Model boat weight =

2. Estimate the maximum weight of people and cars that the ferry M/V Nantucket carries.

People and cars weight =

3. Determine the scale weight for people and cars in grams.

People and cars scale weight =
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Fluid Friction Dynamics

Boat designers and builders use the following mathematical model to determine effi-
cient hull designs. The most efficient hulls are designed to have the least friction. The
model is a formula:

Friction _ C x A x V2

Force / T

friction wet speed
coefficient surface
area

The wet surface area is the part of the boat hull that is in contact with the water. The
friction coefficient is determined by the roughness of the wet surface area. The designer
tries to create a more efficient hull by reducing the wet surface area. Builders can cre-
ate more efficient hulls by reducing
the friction coefficient. The trade-off

Fluid Friction Concept Model

for the builder is to balance the need
for a low coefficient of friction with a
durable, affordable hull surface. o

In this fluid friction concept o -
model, the ship slides through the
water and pulls layers of water along

with it. An enlarged view shows that

L St SN
layers closest to the boat hull are R e —

pulled the fastest. The roughness of T4 -

the hull surface determines how much
=V ]
water is pulled along with the boat. /ﬁ /\ /\ /\ /

This roughness is represented by the

friction coefficient.
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Minimizing Surface Area

The Question of Surface Area Versus Volume

Fluid friction force, which reduces the speed of the boat, is dependent on the friction
coefficient and the wet surface area of the boat hull. One problem that a designer must
solve is how to minimize that wet surface area. Given a specific volume, how would
you choose a shape that will give you the smallest wet surface area of the boat hull?

What You Need

e measuring cylinder (11) * glue

e spring balance e markers

e cardboard three or more sheets e fine, dry sand

30 cm x 30 cm or longer

Procedure —F

Using cardboard, build three rectangular

open containers, with the sides and bottom

to form the shape of a triangle, a square, and
a semicircle. The top rectangular opening
for all three boxes must be of identical
measurements, and the height must also

be the same for all three containers. |

Record your measurements on the
diagrams provided here.

NATIONAL SCIENCE TEACHERS ASSOCIATION



1. Into each of the three containers, pour a carefully measured volume of 1,000 cc
(11) of sand. Gently shake each one so that the sand is level when the container
is standing flat on the tabletop. Mark the fill line all the way around on the inside
surface of the container.

2. Discard the sand from each container and unfold each along the seams.

3. Compute the total area of the inside surface that touched the sand. Note the units
you use for area.

4. What is your conclusion about the relationship between volume and surface area?

5. How will this information help you in the design of the boat hull?
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Teacher Pages

Student teams work through a tightly structured series of activity sheets to familiarize
themselves with the skills and structures they will need in the more open-ended
development activities.

Students first make speed versus time measurements of their quick-build model to
determine performance improvements through their design changes. The teams then
list important variables and plan how to measure each variable.

As a homework assignment, students are introduced to scale modeling as an
accurate three-dimensional (3-D) representation of the actual object, and determine
some physical specifications for the model boat by scaling down from the real boat
specifications in the Design Brief.

Using the Applications of Scaling activity sheet, students figure out why the linear
scale factor does not work for weight (weight scales as volume, not length) and then
determine a weight scale factor. They may use formulas from mathematics (length
cubed) or empirically determine the scaling factor by cutting and weighing cubes of
different sizes.

As a homework assignment, students use the weight scale factor to determine the
model boat weight when empty and when loaded with people and cars.

In the Fluid Friction Dynamics activity sheet, students are introduced to the quan-
titative relationship linking speed and friction for a boat hull.

Finally, students complete the Minimizing Surface Area activity sheet. Using a
constant volume of sand poured into 3-D shapes (open trays of triangular, rectangular,
and circular cross sections), students explore the relationships between area and vol-
ume. This provides some baseline experience for designing a boat hull with minimum
wet surface.

Note: This activity should be revisited after students do the Designer Problem activity sheet in the
Development section. The initial introduction should be brief.
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Preparation

e Review preparation issues for the

quick-build.
e Prepare support materials for
discussion of scaling.

Materials
For Each Student:

e Student Activity Sheets
» Overview: Research
» Baseline Measurements
» Organizing the Data
» Identifying Variables

» Scale Model Preparation
Homework

» Applications of Scaling

» Scale Model Extensions
Homework

» Fluid Friction Dynamics

» Minimizing Surface Area

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE

Define laboratory journal
requirements.

For Each Team:

quick-build boat

stopwatch and meterstick

graph paper

set of 27 identical solid cubes and

spheres of different diameters but
identical material

one liter of fine sand

objects in a range of sizes and of
uniform density

For the Class:

accurate balance
water tank

computer-based or graphing
calculator-linked position detector
(optional)

set of measuring cups (optional)
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Time Requirement

This activity will take three class sessions: one for Overview, Baseline Measurements,
and Identifying Variables; one for Applications of Scaling; and one for Fluid Friction
Dynamics and Minimizing Surface Area.

Teaching Suggestions

The research portion of the Construct-a-Boat unit is tightly structured due to the
relative complexity of the tasks required of the students and the need to ensure that
all students acquire the skills necessary to advance to the development stage. If time
permits, you may want to add library and internet search activities to this activity. A
visit to a boatbuilder would also be an excellent extension option.

Devote the first class to the Overview, Baseline Measurements, and Identifying
Variables sections. Most of the class will be conducted with teams working
independently, but during final wrap-up, teams should share their ideas about
variables to be measured and techniques of measurement. Each student should keep
notes in a laboratory journal on both team and full-class activity.

The next class should be used for the exercise in applications of scaling, because
this exercise may prove more complicated than it looks. For students who understand
linear, quadratic, and cubic scaling, the exercise is simple (and will not require more
than a few minutes). For students who do not understand scaling, this will be a difficult
and highly important lesson.

The third class period is devoted to Fluid Friction Dynamics and Minimizing
Surface Area. Most of this class will be taken up with experimentally investigating the
relation of shape to surface area. An understanding of scaling is essential background
for these measurements. If your students do not yet grasp scaling, you might delay this
class until the middle of the Development activity (p. 50).
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Day1

Encourage students to develop their own methods and ideas through the Baseline
Measurements and Identifying Variables activity sheets. You will need to observe their
activities carefully. It is quite possible for students to design methods for measuring
speed that do not work well in practice. Try to have the teams discover these errors
themselves, perhaps by responding to your probing questions. If one team has
developed a good system, ask that team to work with a team that is still struggling.
Avoid giving all teams a set procedure because students will be able to implement a
procedure without really understanding what they are doing.

If you have access to a computer or graphic calculator-linked position and velocity
detector, you will want to set this up on the test tank. It may be necessary to add a
large target sail-like structure on the boat to get good position data. You will need to
pretest this setup and may have to modify quick-build instructions to ensure good
data recording.

Use a brief, full-class discussion to make sure that all teams have a complete list
of important variables. Students may wish to investigate variables that you feel are
unimportant or are a diversion from the main focus of the unit. Try to find a suitable
balance between cutting off their curiosity and allowing the class to be diverted to a
completely different topic.

Day 2
If your class has difficulty with the material on scaling, use the optional second sheet
on weight scaling. Provide each team of students with 27 identical cubes, which they
can stack to create a large cube three units long on each edge. Also provide objects in
a range of sizes and of uniform density. Have the students predict the weight of one
size based only on the weight of a different size and a length measure from each. Allow
students to repeat this prediction and measurement several times before attempting to
explain why weight will be proportional to the cube of the linear measure.

Cubes and spheres are the best shapes for this exercise. Other shapes may
introduce confusion concerning the best linear measure. If students have developed a
fairly strong grasp of the concept, you may want to refine it by introducing cylinders of
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the same length but of different diameters. Here the weight scaling will depend on the
square of the diameter (not the cube). It is also useful for students to see that cylinders
of the same diameter but of different lengths will have weights that scale linearly.

Encourage students to explain these phenomena to each other, and be very patient
with any difficulties students may have in understanding your explanations. Scaling
is a very difficult concept to learn even though it is a simple and obvious concept to
remember once it is understood.

One powerful way to stress the nature of cubic scaling is with two large cubes,
the smaller being light enough to lift with some effort and the larger being impos-
sible to budge.

Day 3

The student activity sheet Minimizing Surface Area assumes an understanding of the
principle that a boat must displace a volume of water equal to its weight. Most students
know of the Archimedes principle, but many might not really understand it. If this is
the case, you could remind the students of the story of Archimedes in the bathtub.

To understand boats, it is important to distinguish floating objects from objects
that are completely submerged. You might need to provide some time for informal
investigation of these questions.

On the Minimizing Surface Area activity sheet, the volume of sand represents the
volume of water that must be displaced by the vessel. The top of the sand represents
where the waterline would be. Unfolding the container reveals the surface area that
would lie below the waterline. Different shapes will yield different surface areas.

Some students might be troubled by the results of this investigation. The minimum
surface area would be generated by a spherical-shape boat, yet no surface boats are
designed as spheres.

We have been ignoring the effect of the frontal cross section. The need to design
for a small frontal cross section is what forces designers to choose long thin designs of
greater length than beam. The Minimizing Surface Area activity is useful in choosing
between different possible cross sections. But minimizing surface area is not the only
important consideration. The stability of the boat depends very much on the shape of
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the cross section, and a good design must consider the trade-off between stability and
minimal wet area.

Note

The mass versus weight issue is a tricky one, requiring teachers to give special atten-
tion to the actual measurement procedure and to students’ misconceptions. Weight
is the force due to gravity and is typically measured with a spring scale. Mass is the
“amount of stuff” and is generally determined by comparing the sample to another
standard sample. A triple beam balance is typically used to determine mass.

Confusion can arise if someone “weighs” something on a spring scale (as in this
activity) and gives its weight in, say, grams, which is a measure of mass.

The relationship weight = mass x force of gravity allows us to indirectly measure a
weight by measuring its mass on a triple beam balance.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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Development

You have completed activities investigating a model boat system. You have also
researched the relationships among force, speed, and acceleration. To meet the
Construct-a-Boat design challenge, your team will now develop a prototype that
allows your redesigned model boat to achieve the highest top speed possible after
starting in the fastest time possible. In designing and building this prototype, keep in
mind that different variables may affect different aspects of the boat performance, and
that you may not want to sacrifice too much of one aspect for the sake of another.

Scope of Work

* Redesign your boat hull so that your newly redesigned model boat will have
improved performance over that of the quick-build.

* Build your prototype and test its performance.

* Collect performance data for the redesigned model boat, for comparison with
the quick-build.

¢ Evaluate your design modifications.

Good planning is essential to good design. Look again at your research where
you identified variables and wrote down key factors that affected performance. Think
how best to combine design options to improve performance. Be creative within your
objectives and constraints. Review the Inquiry Process (p. 69) and Design Process (p.
72) resource sheets (available from your teacher) for ideas on next steps. Evaluate your
prototype critically and make modifications until you are satisfied with improved
performance, or until you are simply out of time. Remember to reflect on your process,
because how you go about your design, and what you learn, are key elements in the
Communication activity to follow.
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Designer Problem
Invent a new design that improves the performance of the model boat hull. Provide
diagrams of the hull, including dimensions, and include explanations based on your
research for how your design improves the model boat performance.

Here are some examples of hull shapes:

I

flat bottom

V bottom

round bottom
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Builder Problem
Propose two distinct methods to minimize fluid friction and describe them in the space
below. Use additional pages for sketches if that helps your explanation.

Design and conduct a test to determine improvements in the friction coefficient for the
model boat. If you can, try using the computer model to understand better how the
friction coefficient affects the model boat performance. Describe your test below.
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Prototype Construction

Proposal

Revisit the Design Brief and propose a design of a model boat that would show
improved performance—a higher top speed and a shorter time to reach top speed.
In the space below, summarize the features of your new design and the rationale for
including those features.

Materials

List materials required for the construction of your redesigned model boat.

Schematics

On separate pages, make technical drawings for the construction of your new design.
Include a side view, front view, back view, and top view. Specify dimensions in metric
measurement units on each of the drawings.

Construction

Build your model boat according to the specifications of your team’s design. If you
must make modifications as you are building, take note of the modifications in your
laboratory journal.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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Evaluating Your Design

Purpose

Obtain performance data and compare these data with the baseline measurements, so
you can tell whether your design changes actually improved performance.

Collecting Performance Data

Your challenge is to redesign and build a boat hull that will (1) achieve the highest top
speed and (2) reach top speed as quickly as possible after starting. To show scientifi-
cally that you have met your challenge, you will need to compare performance data of
the quick-build with those of your redesigned model. For the comparison to be valid,
you need to collect data for your new model in the same way that you did for your
quick-build. Collect data to show or calculate (1) the top speed of model boat and (2)
the time it takes to achieve top speed.

Set Up Tables for Recording Original and Calculated Data

You have collected, recorded, and represented data obtained from working with
your quick-build. Now collect data for your redesigned model boat. It is important to
take your measurements in the same way that you did when you worked with your
quick-build. You should also represent the new data in such a way that you can make
unambiguous comparisons of the performance data sets. Pay special attention to the
units of measurement.

Represent Your Data Using Graphs
When you make graphs from your data, try to work with a scale that accommodates
the performance data for both the quick-build and the new design. Overlay the two
graphs if you can.

Make similar graphs for all variables that you have identified, measured, or
calculated.
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DEVELOPMENT

Comparing Performance Data

1. Did your quick-build and/or the redesigned model reach a maximum speed?
Yes / No
top speed of quick-build =
top speed of redesigned model =

2. How long did it take each of your two models to reach its maximum speed?
acceleration time for quick-build =
acceleration time for redesigned model =

3. Compare the performance of your redesigned model with that of your quick-build.
Provide a brief qualitative description below.

4. How would you describe the improvement in performance quantitatively? What
calculations do you need to make?

5. Summarize your results and explain how you have achieved them.
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The object of the work in this section is for students to redesign their boat hull to obtain
improved performance over that of the quick-build.

In the Designer Problem activity, students consider alternative shapes for their
hulls that reduce the wet surface area. Next, in the Builder Problem, students develop
procedures to test for improvements in frictional drag. The Prototype Construction
activity is an opportunity to put it all together. Finally, Evaluating Your Design lets stu-
dents test their improved designs to compare boat performance data with the baseline
measurements made with the quick-build.

Preparation
e Prepare tank test area.
e Arrange for team work areas.

e Prepare fire safety measures if polystyrene will be heat treated.

Review laboratory journal requirements.

Materials

For Each Student:

e Student Activity Sheets
» Overview: Development
» Designer Problem
» Builder Problem
» Prototype Construction
» Evaluating Your Design

e Resource Sheets From Appendix A
» Inquiry Process

» Design Process
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For Each Team:

Materials

Time Requirement

polystyrene (hull)
9-volt battery

#22 AWG wire
fan

battery connector
binder clip

hot glue

large paper clips
electrical tape

switch

TEACHER PAGES

Tools
* saw
e pliers
e wire strippers
e wire cutter
e sandpaper
¢ hot glue gun

e electric iron (optional)

This activity will take a minimum of four class sessions. When possible, several days

should be allotted to prototype construction, allowing students to undertake several
redesign cycles.
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Teaching Suggestions

Designer Problem
The quality of the Designer Problem activity depends strongly on the fabrication
techniques you are willing to explore. In the simplest case, where only straight cuts
are permitted, all designs will be limited to flat, angled surfaces. Curved surfaces are
possible if you allow sanding (although this is difficult with polystyrene). Polystyrene
may be melted with a hot iron and molded into virtually any shape. However, this
technique does release fumes and may create a small fire risk. Therefore, it is not
recommended unless you have access to a shop with appropriate venting and safety
features. Working with wood instead of polystyrene is also an option if you have access
to appropriate tools and work space.

Be sure students understand whatever limits you have imposed on the fabrication
strategies before they begin the Designer Problem activity.

Builder Problem

There are two variables to consider in the Builder Problem activity: surface area and
surface finish. Because the previous activity dealt with surface area, students will
be largely concerned with surface finish for this activity. Fabrication techniques are
very important for determining the range of available options. The measurement of
surface drag has been left for students to define. They may wish to measure surface
smoothness by feel or by measuring the force needed to drag some object across it.
Alternatively, they may choose to measure the drag of the entire boat hull, a measure-
ment that combines surface smoothness and surface area. If you feel this problem is
too open-ended for your students, you may want to define the issue more precisely.
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TEACHER PAGES

Prototype Construction and Evaluating Design

This last exercise should pull together the concepts covered in all preceding activities.
On the one hand, student teams should be given as much freedom as possible to design
and build the best boat they can. On the other hand, students should understand that
they need to be using the knowledge gained from previous activities and not attempt
to improve performance based on completely new variables (such as a large motor).
Laboratory journals should be referenced on previous activities and ideas.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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Communication

You have met the challenge. You have redesigned a boat hull and you have built and
tested a model boat that has improved performance over the quick-build. It has taken
you some time and much effort, but until you communicate the importance of your
work to the people who matter, your efforts will have little meaning. Indeed, one of
the most critical abilities today is to be able to communicate clearly, effectively, and
persuasively.

As an engineer, scientist, or developer, you are dependent on funding from private
and public foundations. It is important to convince those with money why they should
give support to the work you do. You may want to present your ideas to local officials
or create a web page that would make your work accessible to the entire world. There
are individuals and companies in the boatbuilding industry who are very interested
in new designs or marketing their boats to consumers. Publications are also important
for communicating your findings to the greater scientific community.

Think about the discoveries you have made with the Construct-a-Boat challenge.
Communicate the important parts of what you have done to several different audi-
ences, including your classmates, a group of novice boatbuilders, and, most impor-
tantly, yourself. Think about the interests your audience might have in your work.
Recognize that there are many possible formats to communicate with your audience,
and select one or more formats to present your work.

Scope of Work

¢ Create a project report that communicates the results of your work. Your target
audience may be executives of a boatbuilding company or people attending a
trade show.

¢ Present your redesigned model boat, including the rationale, substance, and
outcomes of your effort.

¢ Complete the postchallenge assessment and reflect on what you have learned
in this unit.
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Creating a Project Report

The final activity of this unit is for you to communicate the results of your work in a
project report. Your goal is to include information that will inform builders of full-size
boats about the capabilities of your design.

An important skill for you to demonstrate in your project report is the ability to
communicate clearly in writing. The writing of each section should be well organized
and clear enough for someone unfamiliar with your design to understand.

Have fun thinking about ways to creatively describe your model design. Consult
the table of contents below for a list of the topics you should address in your project
report. Members of your team should divide the responsibility for each of the sections
that need to be written.

I.  Project Statement

II. System Overview
A. Physical Specifications
B. Performance Specifications

III. Research
IV. Development

V. Supporting Data
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Presentation

In meeting the Construct-a-Boat challenge, you redesigned a boat hull and built a
model boat for improved performance. You have kept a careful record (perhaps even
photographs), and you have the prototype model for display. You are now asked to
give an oral presentation to an objective audience on the rationale, substance, and
outcomes of your effort. You have limited time for your presentation, so do some
careful planning and rehearsal. This should be a team effort, with each team member
responsible for communicating a key part of the presentation. Expect to field questions
from your teacher and audience. You may find visual aids useful in presenting key data
and in providing your audience with tools for quick and clear analyses.

Prepare an outline of key points to cover. Focus on capturing your audience’s
interest, but clearly identify the strengths and distinguishing features of your design as
compared with those in other team presentations. Present the evidence that the design
accomplished its purpose by quantitative and qualitative comparisons with the quick-
build, using the criteria developed previously by the class.

List your preliminary presentation outline with team member assignments below.
Consult with your teacher as a resource in your planning.

Presentation Outline Team Member Assigned

Title:
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Reflection and Recommendations

Set forth at least five prioritized factors to consider, design criteria, or statements of
wisdom you would offer to others who would be interested in designing and building
a high-performance boat. Make your recommendations based on the experience and
knowledge you have gained through research, development, and testing of your own
model boat, and through comparing your results with those of other teams.

Using a model of causal relationships, describe two key factors you enhanced to
improve performance.

What do you recommend about working with performance evaluation before
beginning your important design work?

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE

63



64

What I Now Know About Models, Systems,
and Design

1. What are some of the factors that would have significant effects on the speed and

acceleration of a model boat?

2. Do these factors have any effect on each other? If so, what might those effects be?

3. What are models used for?
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COMMUNICATION

4. What is a system?

5. Describe your project and list your major process stages from concept to finish.

6. Describe an experiment that determines which of two boats has greater acceleration.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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Student teams summarize their learning by creating a product prospectus that includes

information about specific applications for their model boat, its construction, hull

shape, factors influencing the performance, and performance parameters.

In the final assessment, students answer questions similar to those at the very

beginning of the unit in the Snapshot of Understanding.

Preparation

Prepare a presentation event plan, location, and agenda.

Consider offering spectator invitations.

Provide students with examples of project reports.

Arrange for use of word processing/graphics (or CAD) computer stations.
Prepare a grading plan for your evaluation of the team and individual effort.

Customize the project report table of contents to fit the time and educational
objectives for your class.

Materials
For Each Student For Each Team
e Student Activity Sheets o Select presentation aids from the
» Overview: Communication following options:
» Creating a Project Report » overhead projector
» Presentation » flip charts
» Reflection and » computer displays
Recommendations

66

» Snapshot of Understanding
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Time Requirement
Devote one or more classes to team preparation of the reports. Presentation of the
reports should be strictly timed so that all teams can report within the allotted time
(one or two days, depending on class size).

Devote one class to reflection on the process and final self-assessment. Allow about
20 minutes for students to complete the Snapshot of Understanding.

Teaching Suggestions

Preparing the Report

Teams should divide preparation and presentation responsibilities among members
so that effort and benefits of the work and learning are distributed equitably. An
assessment rubric tailored to fit your class learning and evaluation objectives should be
made available to teams well in advance—possibly at the beginning of the prototype
development phase—to encourage maximum awareness, planning, and preparation.

Presentation

Fitting a presentation into the time allotted is a skill few speakers ever master. You will
need to warn all teams of the importance of staying within their time slot, and you will
need to be strict in enforcing time limits. If you invite visitors to the presentations, they
will need to be informed of your time limits and of the kind of input you would like
them to provide.

Completing the Snapshot of Understanding
After students complete the final Snapshot of Understanding, provide a brief period
of time for them to compare their new answers with those on their preunit Snapshot.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE
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The material in this appendix is intended to support activities that you may choose
to add to those described in the core unit. Many of these are key activities, but they
have been placed in this appendix because they can fit in several different places in
Construct-a-Boat—exactly where they are used is a matter best decided by you in
response to student questions and feedback. Some activities may be profitably used
more than once. An analysis of the design process, for example, will provide different
insights when used in the research activities than when used in the development
activities.

Two optional Snapshots of Understanding are included. One canbe used to evaluate
students’ grasp of the concept of a model; the other to evaluate student understanding
of control of variables. Construct-a-Boat assumes that students understand these
concepts. You will need additional materials if students’ understanding of these
concepts proves to be weak.

In this appendix:

e Inquiry Process

e Modeling Design Solutions

e Design Process

e Charting a Mathematical Model

e Simulating Model Calculations

e Snapshot of Understanding: Models

e Snapshot of Understanding: Control of Variables
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Inquiry Process Evaluate

The inquiry process is often viewed
as a cycle of action that repeats until

Communicate

the investigators reach a satisfying Explain
solution. It can be described with seven
basic elements: .

Identify Experiment

Identify and clarify questions.
Understand the issue or

problem, and make a testable
hypothesis. Plan Research
Plan appropriate procedures.
Brainstorm, draw and write

ideas, clarify their ideas, and suggest possible strategies or methods.

Research major concepts. Learn what is known about the situation from sources
other than actual investigation, and obtain information from preliminary
experiments. Decide what technology, approach, equipment, and safety
precautions are useful. Document your experiments and log your data.

Experiment. Use tools and measuring devices to conduct experiments. Use
calculators and computers to store and present data.

Explain logical connections. Analyze your data. Formulate explanations using
logic and evidence, and possibly by constructing a physical, conceptual, or
mathematical model.

Evaluate alternatives. Compare your explanations with current scientific
understanding and other plausible models. Identify what needs to be revised,
and find the preferred solution.

Communicate new knowledge and methods. Communicate results of your
inquiry to your peers and others in the community. Construct a reasoned
argument through writing, drawings, and oral presentations. Respond
appropriately to critical comments.
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INKS.

THE WORLD’S A CLICK AWAY

Topic:
Go to:
Code:

v

scientific inquiry
www.scilinks.org
CABO8

J
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Questions
Read the following questions, but do not answer them until after your team has
experienced working together on the design challenge research activities.

1. Make your own checklist of team activities that correspond to steps in the cycle
described on page 69:

2. Create your own version of the inquiry process using words and pathways that fit
your team’s activity.

3. What shape is your inquiry pathway diagram (circle, spiral, cascade, other)?

4. How and where do the seven steps described above fit within your process description?
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Modeling Design Solutions
Modeling is the activity of imitating reality. You can use modeling to simulate actual
events, structures, or expected conditions to test, analyze, and refine your design ideas.
You also use models to focus on important parts of the total problem.

In Construct-a-Boat, we use three different types of models:

o Graphic models: Typical graphic models are conceptual drawings, graphs,
charts, and diagrams. Conceptual drawings capture the designer’s ideas of
specific details; graphs and charts display numerical information and help the
designer assess results; and schematic diagrams show relationships between
components. You have already made and used several graphic models.

o Physical models: A physical model is a three-dimensional representation of an
actual object. You can construct a physical model with materials that are easy
to work with, such as wood, clay, polystyrene, and paper. Because full-size
models are often impractical, people use scale models to show how a product
will look or to test the operation of a system. A scale model is proportional to
actual size by a ratio. Your quick-build is a physical model.

o Mathematical models: Mathematical models show relationships in terms of
formulas. For example, the formula for speed shows the relationship between
the distance traveled by a boat and the time it takes to travel that distance:

Speed = Distance
Time
In general, you would need to use many formulas and interrelate them to
predict the results of more complex relationships.
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Design Process Evaluate

The design process is often viewed as
a cycle of action that repeats until the
designers reach a satisfying solution.
It can be described with seven basic
elements: identify, create, investigate,
choose, implement, evaluate, and
communicate.

Communicate

Implement

Identify Choose

Identify and clarify the

situation. Understand Create Investigate
the challenge or problem,
including the criteria for

success and constraints on the design.

Create solutions. Brainstorm, draw and write ideas, and suggest possible
strategies or methods.

Investigate possibilities. Learn what is known about the situation, and what
technology or approach could be useful. Conduct experiments to test your
ideas.

Choose a solution. List the solutions most likely to be successful, and make
decisions for how well each solution meets the design challenge or solves the
problem.

Implement the design. Learn that a successful design often depends on good
fabrication, whether it is a scaled or life-size version of the product.

Evaluate the design. Perform tests to obtain the feedback that informs them
about the parts of the design that worked or needed improvement.

Communicate the solution. Present your designs to your peers and others in
the community, communicating your ideas through drawings, writing, formal
presentations, informal discussions.
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Questions

After reading about the design process, answer the following questions:

1. Which elements of the process have you already experienced?

2. Which elements have you not yet experienced?

3. Where in the process do you think you are now?

4. What will your next steps be?
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Charting a Mathematical Model

In order to study how various factors influence your boat’s speed and acceleration,

you need a way to look at several factors acting at once. A chart can be a useful way to
do this. Study the chart below and fill in the incomplete cells.

What Does It What Does It How Would You

Factor Depend On? Affect? Control It?

Building material, Acceleration (speed Choose different
Mass size of boat, load P kinds of material,

. : of change) .

being carried work on size of boat
Force of motor Batteries, t)_/pe of .

propellor, size of Acceleration

(thrust) motor

Force of friction
(drag)

Acceleration
(speed of
change)
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Quantifying the Chart
With your factors now in place and with a qualitative feel for how they relate to each
other, you can start to see how they affect each other quantitatively. Because the boat
starts with no speed and must accelerate up to its maximum speed, you need to
examine acceleration. The fundamental law for acceleration is Newton’s second law:
F =ma.

First, look carefully at the three components of this equation. There are two main
forces acting on our boat: the force of the motor and the resistance or friction force of
the water. There is one mass, the mass of the boat, and one acceleration, the acceleration
of the boat.

An equation for friction force is F iction = kv? where k is made up of two parts: C, a
measure of roughness; and A, the total surface area in the water. Because neither C nor
A changes as the boat moves through the water, consider their product k as a constant
number. (In hydroplanes, A does change as the boat moves, but you are not working
with that kind of boat.)

The equation for F,

riction

has the value zero when the speed is zero. You can now fill
out the first column of the chart on the next page.

Use the letter M to stand for the mass of the boat; you will need to weigh yours to
get a number. Enter that mass all across the row because it will not change.

Use the letter F to stand for the force of the motor (see unit of measuring the force
of the motor). Enter that all across the row because it will not change.
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Time
(seconds)

Mass

Force of Motor
(thrust)

Force of
Friction (drag)

Total Force

Acceleration

Speed
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Simulating Model Calculations

To fill in the second column of the chart on page 76, it may be helpful to work in teams
of five. Each person takes a turn at calculating a value for the table. We will work up
from the bottom row. Remember that the values you are calculating are relationships
in a mathematical model, not necessarily numerical values.

1. The first person determines, from team data, the speed change value:

(thrust — drag) x time interval

mass

2. The second person calculates the new speed:
new speed = old speed + speed change

Enter this result for the next value of speed.

3. The third person, using team data again and the calculations above, determines
the new acceleration value:

(total force)

mass

Enter this result for the new value of acceleration.

4. The fourth person calculates the friction of the water:

drag = friction coefficient x wet surface area x (speed)? = k (speed)?

Enter this result for the next value of force of friction.
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5. The fifth person calculates the total force:

(thrust — drag)

Enter this result for the new value of total force.

Once the second column is filled in, move on to the third column. The first person
repeats the calculation using numbers from the second column. Your team can con-
tinue this process until the boat reaches maximum speed.

Checking Your Intuition

You have completed one worksheet, and the data should help you see how design
changes might affect the performance of the boat. What would happen if you made
the boat lighter?

Use your intuition to complete the following sentences with one of these choices:
increases, decreases, or does not change.

1. As the mass of the boat increases, the top speed ...

2. As the mass of the boat decreases, the top speed ...

3. As the motor force increases, the top speed ...

4. As the motor force decreases, the top speed ...

5. As the wet surface area increases, the top speed ...

6. As the wet surface area decreases, the top speed ...

7. As the gliding surface roughness increases, the top speed ...

8. As the gliding surface roughness decreases, the top speed ...
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SIDE ROADS

Predicting the Effects of Design Changes

Using the chart calculation, you can see the effect of possible changes you might make

to your boat’s design. You can actually determine how a certain change will affect the

time that it takes to reach top speed. If you know how to use a spreadsheet program,

you can use it do the work of the five people and create a chart that fills in automatically.
Here are some design changes to consider:

¢ What happens when you make the gliding surface half as rough? How would
you use such information to help you redesign and build your boat hull?

¢ How big a change would you need to make in the wet surface area to get as
big an effect as you got cutting the roughness in half?

¢ How much would you need to change the mass of the boat to get this effect?

79
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Models

Give three different examples of models.

What are models used for?

What is important to include in a model?

Can there be more than one model for the same thing?
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Control Of Variables

Two companies are conducting experiments to understand how to build a better canal
system. Each company built two canals to learn how canals affect boat speed.

The first company built one canal that was narrow and shallow and another canal
that was wide and deep. The second company built one canal that was narrow and
deep and another canal that was wide and deep.

Which company designed the better experiment? Why?
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Text Reconstruction
Exercises

Forces, Speed, and Acceleration

The following paragraphs describe important information about forces, speed, and
acceleration. To keep this information confidential, some of the sentences within each
paragraph have been reordered. Your task is to restore them to their proper order.

__Despite impressive mathematical accomplishments, the Greeks never understood
the connections.

___The relationship of force, speed, and acceleration eluded scientists for most of
recorded history.

_4 Even then, it took Newton over 20 years to develop his three simple laws.

__ It was not until Newton’s efforts less than 350 years ago that a perspective
consistent with our modern view emerged.

__ How can something as simple as Newton’s laws be so confusing?
__ We therefore conclude that speed and force are related.
_2 The confusion stems from our common experience of pushing and pulling.

___In that experience, it takes force to make things move, and more force to make
them move fast than to make them move slowly.

___Hereis a way to think about it.
___ Butin Newton's view, speed and force are not related!

In Newton’s famous second law, force is related to acceleration: the change in
speed.

_3 But why isn’t the change in speed related to speed?
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TEXT RECONSTRUCTION EXERCISES

___ How much you eat for dinner tonight is related to how much your weight will m
increase or decrease.

But even if I was told what you ate for dinner every night from the day you were
born, I could not figure out how heavy you are.

Yet if I get on my bicycle, I know this is wrong. m

___ Thus in Newton's picture of the world, force tells us about acceleration—the
change in speed—Dbut it cannot tell us about speed itself.
__TI'have to pedal harder to go faster.

___ But the reason I have to pedal harder is because of air resistance.

___Instead of pedaling harder, I could reduce my air resistance by getting racing
clothes, or by cycling behind an air shield.

_6_ThenIwould go fast without pedaling harder.

__ Thus a cyclist can go faster without increasing the force exerted.
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Systems
The paragraphs below describe important information about systems. Your task is to
restore these jumbled paragraphs to their proper order.

__ Understanding those effects and relations is called systems analysis.

Systems analysis and systems thinking are increasingly important aspects of the
modern world.

2 In any complex situation, there are many related parts that affect one another.

The simplest kind of systems analysis involves understanding whether an
increase in one quantity will cause an increase, decrease, or no change in another
quantity.

If you increase what you eat for dinner, you will increase your weight (unless
you also exercise more, or do something equivalent).

Often the links in a systems analysis can be complicated and even contradictory.

But when the weather gets colder, it also snows more and so you go skiing and
get more exercise.

_2 If the weather gets colder, you play less baseball and get less exercise.

In a simple case, we can tell what will happen without having to calculate with
numbers.

_2 It snows and I will go skiing.
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TEXT RECONSTRUCTION EXERCISES

To calculate the exact amount of exercise for each case, I will need to use a m
mathematical model.
But will I get more exercise than I got back in July?

___ HereIwill need to know how many times I played baseball, how many times I
went skiing, and how much exercise I got each time.
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Modeling
The paragraphs below describe important information about modeling. Your task is to
restore these jumbled paragraphs to their proper order.

__ Our case is just the opposite.
__ The word model has several different meanings.
__ We will use it in the following way.

4 This is different than the most common usage of the term, in which model really
means “looks like.”

__ A modelis a device that acts like the thing it is a model of, but is not itself that
thing.

A model car looks like a car, but it does not run like a car.

_ Our model boat does not look much like a boat, but it does run like a boat.

__Modeling is the process of making models that behave like the thing we are
modeling.

Some models are physical.
We can touch them, move them, and measure them.

_5 A mathematical model for the speed of our boat would give bigger or smaller
numbers depending on whether the boat’s speed is getting bigger or smaller.

The speedometer on your car is, in this sense, a model for your car’s speed.
The clock in your computer is a mathematical model for time.

___ On the other hand, the spring-driven wristwatch your grandfather used to have
is a physical model of time.

Other models are mathematical.
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TEXT RECONSTRUCTION EXERCISES

2 Computer modeling is becoming increasingly important to us because in many m
cases, it is cheaper, quicker, and safer to make a computer model than to make a
physical model or to test the real object.

___Inthe 1950s and 1960s, many pilots were killed testing new kinds of airplanes.

__ Today, airplanes are tested as mathematical models before they are even built,
and far fewer pilots are killed testing them.

___ Building mathematical models using computers is called computer modeling.
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Text Reconstruction Key

The paragraphs below show the correct order of sentences for each text reconstruction
exercise. When you hand out the initial homework assignment, ask students to number
the sentences in each paragraph so as to put them in the correct order. It is also highly
beneficial to ask students to rewrite the paragraphs once they have determined the
correct order.

Forces, Speed, and Acceleration
Paragraph 1

1. The relationship of force, speed, and acceleration eluded scientists for most of
recorded history.

2. Despite impressive mathematical accomplishments, the Greeks never understood
the connections.

3. It was not until Newton’s efforts less than 350 years ago that a perspective
consistent with our modern view emerged.

4. Even then, it took Newton over 20 years to develop his three simple laws.

Paragraph 2
1. How can something as simple as Newton’s laws be so confusing?
2. The confusion stems from our common experience of pushing and pulling.

3. In that experience, it takes force to make things move, and more force to make
them move fast than to make them move slowly.

4. We therefore conclude that speed and force are related.
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Paragraph 3

1.

But in Newton’s view, speed and force are not related!

2. In Newton’s famous second law, force is related to acceleration: the change in
speed.

3. But why isn’t the change in speed related to speed?

4. Here is a way to think about it.

5. How much you eat for dinner tonight is related to how much your weight will
increase or decrease.

6. Buteven if I was told what you ate for dinner every night from the day you were
born, I could not figure out how heavy you are.

Paragraph 4

1. Thus in Newton's picture of the world, force tells us about acceleration—the
change in speed—but it cannot tell us about speed itself.

2. Yetif I get on my bicycle, I know this is wrong.

3. Thave to pedal harder to go faster.

4. But the reason I have to pedal harder is because of air resistance.

5. Instead of pedaling harder, I could reduce my air resistance by getting racing
clothes, or by cycling behind an air shield.

6. ThenIwould go fast without pedaling harder.

7. Thus a cyclist can go faster without increasing the force exerted.
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Systems
Paragraph 1

1. Systems analysis and systems thinking are increasingly important aspects of the
modern world.

2. In any complex situation, there are many related parts that affect one another.

3. Understanding those effects and relations is called systems analysis.

Paragraph 2

1. The simplest kind of systems analysis involves understanding whether an
increase in one quantity will cause an increase, decrease, or no change in another
quantity.

2. If you increase what you eat for dinner, you will increase your weight (unless
you also exercise more, or do something equivalent).

Paragraph 3
1. Often the links in a systems analysis can be complicated and even contradictory.
2. If the weather gets colder, you play less baseball and get less exercise.

3. But when the weather gets colder it also snows more and so you go skiing and
get more exercise.

Paragraph 4

1. Inasimple case, we can tell what will happen without having to calculate with
numbers.

2. It snows and I will go skiing.

3. But will I get more exercise than I got back in July?
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Here I will need to know how many times I played baseball, how many times I
went skiing, and how much exercise I got each time.

To calculate the exact amount of exercise for each case, I will need to use a
mathematical model.

Modeling

Paragraph 1

1. The word model has several different meanings.

2. We will use it in the following way.

3. Amodelis a device that acts like the thing it is a model of, but is not itself that
thing.

4. This is different than the most common usage of the term, in which model really
means “looks like.”

5. A model car looks like a car, but it does not run like a car.

6. Our case is just the opposite.

7. Our model boat does not look much like a boat, but it does run like a boat.

Paragraph 2

1. Modeling is the process of making models that behave like the thing we are
modeling.

2. Some models are physical.

3.  We can touch them, move them, and measure them.

4. Other models are mathematical.

5. A mathematical model for the speed of our boat would give bigger or smaller

numbers depending on whether the boat’s speed is getting bigger or smaller.
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6. The speedometer on your car is, in this sense, a model for your car’s speed.

7. The clock in your computer is a mathematical model for time.

8. On the other hand, the spring-driven wristwatch your grandfather used to have
is a physical model of time.

Paragraph 3

1. Building mathematical models using computers is called computer modeling.

2. Computer modeling is becoming increasingly important to us because in many
cases, it is cheaper, quicker, and safer to make a computer model than to make a
physical model or to test the real object.

3. Inthe 1950s and 1960s, many pilots were killed testing new kinds of airplanes.

4. Today, airplanes are tested as mathematical models before they are even built,

and far fewer pilots are killed testing them.
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Sample Answers

Organizing the Data

Here is an example of recording and calculating data for the change of speed over time.

Time on Distance From  Speed at Speed Change =
Stopwatch Starting Point Distance Speed - Speed _,
(seconds) (WEES) (WE)) (m/s)

0 (start) 0.00 0 0

3 .06

6 .22

9 47

12 .75

15 1.07

18 1.39

21 1.72

Students should be encouraged to find their own way to calculate speed, but their
thinking needs to be pushed and challenged. Their first ideas are likely to be wrong.
Mindless use of speed versus distance/time will generate incorrect answers!

Here are some approaches that work:

1. Graph the data for distance versus time and calculate speed from the slope of the
graph. Graphing calculators work well here.

2. Calculate the average speed to that point in time. If the accelerations were constant,
speed at the end time would be twice the average speed over the interval.

3. To improve on the second method, calculate the average speed over the time
interval. Compare that with the speed at the end of the previous interval and use
twice the difference for the speed at the end of the interval. This method only
assumes constant acceleration over the time interval, and is quite accurate for

small time intervals.
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Scale Model Extensions Homework

1. Use the weight scale factor to calculate the weight for the model boat based on
the Design Brief data for a real boat with no cars or people.
Scale factor = 12,167,000
M/V Nantucket = 1,150 tons = 2,300,000 Ib
Model = 2,300,000/12,167,000 = 0.189 1b = 86 g
Model boat weight = 80 g

2. Estimate the maximum weight of people and cars that the ferry M/V Nantucket
carries.
1,100 people x 125 Ib/person = 137,500 Ib
60 cars x 3,000 Ib/car = 180,000 Ib
People and cars weight = 317,500 Ib

3. Determine the scale weight for people and cars in grams.
317,500 1b/12,167,000 = 0.026 [b =12 g
People and cars scale weight =12 ¢

Minimizing Surface Area

Procedure

3. Compute the total area of the inside surface that touched the sand. Note the units
you use for area.
Method 1: Lay a grid over the “wet area” and count squares.
Method 2: Divide “wet area” into geometric shapes and calculate area of each shape from
length measurements and geometry.

4.  What is your conclusion about the relationship between volume and surface area?
Some shapes have more volume per unit surface area; curved surfaces seem to have the
highest.
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5. How will this information help you in the design of the boat hull?
Can help design for reduced friction

Builder Problem

Propose two distinct methods to minimize fluid friction and describe them in the space
below.

One involves reducing wet area; another involves reducing surface roughness.

Design and conduct a test to determine improvements in the friction coefficient for the
model boat. If you can, try using the computer model to understand better how the
friction coefficient affects the model boat performance. Describe your test below.
There are many solutions. One involves pulling the boat with a spring scale. But be careful:
Results depend on speed. It is difficult to pull a boat at a constant speed.

Prototype Construction

Proposal

Review student work to look for designs with reduced wet area and designs with
smoother finish. Check that their plans are consistent with available fabrication skills
and facilities.

Materials

Review student lists for completeness and consistency with any material limitations
you have stated.
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Evaluating Your Design

Comparing Performance Data

1. top speed of quick-build = 0.5 m/s
top speed of redesigned model = 0.6 m/s

2. acceleration time for quick-build = 10 seconds
acceleration time for redesigned model = 10 seconds

3. Compare the performance of your redesigned model with that of your quick-
build. Provide a brief qualitative description below.
The new model is slightly faster, about 20%.

4. How would you describe the improvement in performance quantitatively? What
calculations do you need to make?
We will need to repeat baseline measurements and organize the data. We will need to devise
a speed versus time graph and compare it with the baseline original.

5. Summarize your results and explain how you have achieved them.
We reduced water/friction, increasing both the average acceleration and the top speed. We
did this by changing the hull shape and by reducing the surface roughness.
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baseline data: data taken to determine
conditions before an experiment is started

beam: the widest point of the hull at the
waterline

brainstorming: a group problem-solving
technique that involves the spontaneous
contribution of ideas from all members
of the group

calibration: determining a measure-
ment scale or aligning a device with a
measurement scale

centerline: the line of a boat running
fore and aft (see keel)

draft: the distance from the waterline
to the lowest part of the hull; the draft
determines the shallowest depth in
which the boat will still float

dynamics: a branch of physics related to
the effects of forces

energy conversion: energy in different
forms is often converted from one form to
another; heat is converted into light, light
into heat, motion into heat, and so on.

Glossary

energy transfer: the movement of energy
from one place to another or from one
form to another

equilibrium: a balance between two
opposing processes such that the net effect
of the two processes is no total change. For
example, we breathe in about as much air
as we breathe out, so that over time, our
lungs stay roughly the same size.

factors: the different elements out of
which a whole object is made, often used
to describe the different causes that lead
to a particular outcome

forces: pushes and pulls

friction coefficient: a constant varying
with the condition of surface that deter-
mines the size of the force of friction. The
coefficient is usually measured experi-
mentally because it is too complicated to
determine from theory.

frictional force: resistance caused by the
passage of water across the hull surface

hull: the outside wall of a ship that begins
at deck level and goes down to the keel
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keel: the centerline of a boat running
fore and aft; the backbone of a vessel

performance test: a test to determine
how well a design accomplishes an
intended purpose

prototype: an original model; the first
full-scale and (usually) functional
form of a new type or design of
a construction

residual resistance: all resistance affect-
ing a body’s motion through the water
except the frictional force; includes air
friction and wave-making

scale factor: a number that indicates
how much smaller or larger one
object is as compared with a specific
copy of it

scale model: a copy of an object (usually
smaller) made so that all components
are in proportion to one another

scaling: increasing or decreasing the
size of something in such a way that all
parts are in the same proportion as the
original object

section: the shape of a plane passing
through the hull perpendicular to the
centerline

section coefficient: the ratio of the area
of a section divided by the area of a rect-
angular section having the same beam
and draft. It is a measure of the relative
fullness of a section and permits the
comparison of hulls of differing sizes
and shapes.

specifications: the precise details of an
invention, plan, or proposal

system: a collection of interacting com-
ponents that work together as a unit

tolerance: the degree of accuracy
demanded in a construction

total displacement: the total weight of a
boat including passengers and cargo

variable: an object or quality of change-
able value

wetted surface: that part of the hull in

contact with the water when the hull is
loaded to its total displacement
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Introduction

Integrating Science and
Technology

Construct-a-Catapult is aligned with the National
Science Education Standards (NSES) in physical
science, the International Technology Education
Association (ITEA) standards, and the National
Council of Teachers of Mathematics (NCTM)
standards in statistics (see the Standards and
Benchmarks Connections table later in this sec-
tion). Physical science concepts covered in this
unit include inquiry and design, dynamics, kine-
matics, and energy transfer. Through a variety of
hands-on design activities, students engage in
the iterative processes of scientific inquiry and
technological design.

Schedule and Cost

The time needed to complete the core activities is
13 class sessions, or about two-and-a-half weeks,
with material costs totaling about $90 per class of
25 students:

¢ Design Brief and Quick-Build = $30 or
less for a class of 25 working in groups of
three or more

e Research = $10 or less

¢ Development = $30 or less for a class of 25
working in teams of five

e Communication

Key Ideas

Three of the key science ideas (elasticity, energy,
and force) used in Construct-a-Catapult are cov-
ered in text reconstruction exercises in Appendix

B (p. 179). The first exercise, on force, involves
a very simple reconstruction and is intended as
an introduction to text reconstruction. The other
exercises are more difficult.

Elasticity

Hooke’s law states that the elastic property of
matter is quantifiable for specific materials.
Students measure force/stretch relationships of
common rubber bands as the basis for a reason-
ably accurate projectile delivery system.

Energy
The conversion of elastic potential energy into
kinetic energy is used to determine range.

Force
Force is studied and measured in the context of
Hooke’s law and principles of gravity.

Calibration
Students calibrate and document procedures for
their prototype to meet performance specifications.

Inquiry and Design

The design process involves students in inquiry,
generating solutions, development, testing, and
evaluation. Readings on the history of ancient
catapults (c. 400 BC) give students a context for the
background of a catapult’s technological design.

Student Portfolios

The following items can be accumulated in port-
folios for summative assessment.
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Pretest: Snapshot of Understanding
Initial questions: Design Brief

Individual information search: Catapult
Design History

Quick-build sketch
Brainstorming record: Identifying Variables
List of variables: Beyond the Quick-Build

Elasticity investigation design and results:
Investigating Elasticity

Group process description: Design Process
Part name labels: Parts of a Catapult

Fastener selections: Resource List:
Fasteners and Adhesives

Beyond the Quick-Build: Second Pass

External feedback record: Team Feedback
Form

Landing pattern analysis: Making a
Frequency Distribution

Force-distance graph: Making a
Launching Graph

Postchallenge reflection: Reflections on
Your Design

Prototype demonstration notes: The
Challenge Event

Group summary documentation: Creating
a User’s Manual

Posttest and self-assessment: Snapshot of
Understanding

Oral presentation (optional)
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Standards and Benchmarks Connections

Standard/Benchmark: Motion; Nature of Technology; Technology and Society; Physical
Science; Constancy, Change, and Measurement

Students conduct independent information searches in the context of human inventiveness. AAAS 9-12,
Standard/Benchmark: Issues in Technology; Technology and Society; Science, ITEAV, NCSS
Technology, and Society VI
Students build to specifications, manipulate, and observe interactions of parts in operation AAAS 9-12,
of a simple elastic mechanism. ITEA 9-12,
Standard/Benchmark: Systems; Technology and Society; Evidence, Models, and NSES K-12
Explanation
Students describe variation and identify variables and corresponding potential controls for AAAS 9-12,
improving design to meet performance specifications. ITEA 9-12,
Standard/Benchmark: Systems; Nature of Technology; Evidence, Models, and NCTM 1, NSES
Explanation; Problem Solving K-12
Students use elements of inquiry and investigate elasticity to inform design. AAAS 9-12,
Standard/Benchmark: Design and Systems; Nature of Technology; Science as Inquiry ITEA 9-12,
NSES 9-12
Students use Newton’s second law of motion together with Hooke’s law to quantify AAAS 9-12,
component performance parameters. ITEA 9-12,

NSES 9-12 and
K-12

evaluating consequences.
Standard/Benchmark: Systems; Nature of Technology; Technology and Society; Science
and Technology; Systems, Order, and Organization

Students create tables and represent data in appropriate graphic format. AAAS 9-12
Standard/Benchmark: Critical-Response Skills

Students communicate, orally and in writing, their interpretation of this investigation and AAAS 9-12,
what variables to control in design development. ITEA 9-12
Standard/Benchmark: Scientific Inquiry; Nature of Technology

Students apply abilities of iterative technological design, including brainstorming, research, AAAS 9-12,
ideation, choosing among alternative solutions, development, implementation, and ITEA 9-12,

NSES 9-12 and
K-12

Standard/Benchmark: Nature of Technology; Statistics

Students utilize tools and processes to construct and modify working models. ITEA 9-12
Standard/Benchmark: Nature of Technology

Students collect, represent, and statistically process test data to calibrate their design ITEA 9-12,
prototype. NCTM 10
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Students create procedural operating instructions for others to use. NCTM 2
Standard/Benchmark: Mathematics as Communication

Students interpret and follow directions in the challenge demonstration event. ITEA 9-12
Standard/Benchmark: Nature of Technology

Students communicate quantitatively the technical performance specifications and AAAS 9-12,
operating instructions for their prototype. ITEA 9-12
Standard/Benchmark: Communication Skills; Nature of Technology

Students articulate principles of science employed in a catapult’s operation. AAAS 9-12,
Standard/Benchmark: Critical-Response Skills; Science and Technology NSES 9-12
Students self-assess their learning by comparing pre- and post-Snapshots of AAAS 9-12,
Understanding. NCSS Vil

Standard/Benchmark: Issues in Technology; Science, Technology, and Society

Source Key:
AAAS = American Association for the Advancement of Science. 1993. Project 2061: Benchmarks for science literacy. New York:
Oxford University Press.

ITEA = International Technology Education Association. 1996. Technology for all Americans: A rationale and structure for the
study of technology. Reston, VA: ITEA.
NCSS = Task Force on Social Studies Teacher Education Standards. 1997. National standards for social studies teachers.

Washington, DC: National Council for the Social Studies.

NCTM = National Council for Teachers of Mathematics. 1991. Professional standards for teaching mathematics. Reston, VA:
NCTM.

NSES = National Research Council. 1996. National science education standards. Washington DC: National Academies Press.
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Course Outline

Introduction
¢ Overview: Catapult Design Brief
¢ Snapshot of Understanding
e Catapult Design History

Quick-Build
¢ Overview: Quick-Build Catapult
¢ Identifying Variables
¢ Beyond the Quick-Build

Research
e Overview: Research

¢ Investigating Elasticity

Development

Overview: Development

Parts of a Catapult

Resource List: Fasteners and Adhesives
Beyond the Quick-Build: Second Pass
Team Feedback

Making a Frequency Distribution
Making a Launching Graph

Reflections on Your Design

Communication

Overview: Communication

Creating a User’s Manual

The Challenge Event: Usability Testing
Snapshot of Understanding
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Catapult Design Brief

The material property
of elasticity used in
the catapult is used

today by pole-vaulters.

Since the inception of
the flexible fiberglass
pole, world records
have increased by
more than 2 meters.

J
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In this unit, you will be designing, building, and improving a mechanical launching
system resembling an ancient catapult. Your system will be scaled down for use in
the classroom and will take advantage of elastic properties of modern materials, sav-
ing you tasks like twisting huge bundles of sinew into torsion springs (see Catapult
Design History reading). You will use both technological design and scientific inquiry
as processes to investigate and improve how your catapult performs.

Design Challenge

As a member of a product development team, you are to design, build, and document
a mechanical launching system that can deliver a small object predictably and repeat-
edly over a specified range of distances.

Scope of Work
e Quick-Build: Build a design according to specifications.

e Research: Investigate elasticity, and identify variables you can control to create
a more accurate catapult.

o Development: Redesign, build, and test; collect data and analyze patterns of
results; then calibrate your prototype catapult with a launching guide and
graph to meet the challenge.

e Communication: Produce a user’s manual that documents your design and its
operation, including sketches, charts, launching graphs, and notes.

Key Questions

Write two questions that you have regarding your challenge and/or scope of work.
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What I Already Know About Catapults

The unit of study you are about to begin will challenge you to design, build, test,
and calibrate a working model of a mechanical system most closely resembling an
ancient catapult. Controlling the system will require you to investigate elasticity.
Before you begin, record what you already know about catapults, forces, and energy
by answering the questions below. This is not a test—it is a series of questions that ask
about your current knowledge of the material in this unit. At the end of the unit you
will answer similar questions, after which you can compare what you have learned
with the answers you give here.

1. Using a rubber band as a catapult and a pie plate as a target, try to shoot a rubber
band into the pie plate placed on the floor. Move the pie plate closer to you or
farther away and keep trying to shoot the rubber band into it.

a. What important variables do you need to deal with as you try to hit the pie
plate?

b. What scientific principle(s) can you use to describe how your elastic catapult
operates?
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In this exercise you will
be launching elastic
bands. You must

wear safety glasses

or goggles whenever
elastics are launched
and be careful to aim

away from others.
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. N
S C 2. What does a catapult look like? Make a sketch and label its parts or describe in

I N K S® words in the space below.

THE WORLD’S A CLICK AWAY
v

Topic: force
Goto: www.scilinks.org
Code: CACO1

Topic:  energy
Goto: www.scilinks.org
Code: CACO02 example, catapults are used to launch planes from aircraft carriers.)

/

3. List any current uses of catapult-like devices of which you are aware. (For

4. Have you ever designed and built anything? (yes/no) If yes, describe how you
went about your designing and building. If not, think about how you might go
about designing and building something and describe below.

5. From your previous learning or experience, describe what the following terms
mean.

force:

energy:
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Catapult Design History

Throughout history, humans have applied innovative ideas and designs to devices for
throwing weapons. First, the sling was developed to overcome the limitations of the
human arm. Next, hunters and soldiers devised the bow and arrow to improve aim
and velocity. Eventually, major advances in power and accuracy were achieved with
the design of machines called catapults. Early catapults were modeled after the bow
and arrow, but they quickly evolved into strong, single-armed machines constructed of
composite layers of wood, sinew, and horn. This new weapon for attackers unbalanced
the advantage once held by defenders during enemy siege (see The Catapult Advantage
section on p. 114). While the defenders still had the ability to prepare for attack by
building large walls, attackers—using catapults—could physically overcome these
obstacles. These accurate machines also provided cover fire for troops attempting to
breach enemy walls.

From Tension Bow to Torsion Spring

The first catapults were designed under the direction of Dionysius the Elder, ruler of
the Greek colony of Syracuse (in what is now Sicily) in 399 BC. To prepare his city for a
long war with Carthage, Dionysius assembled large research and development teams
to create products that would give Syracuse strategic advantage in the upcoming war.
The teams were made up of specialists who divided their labor into manageable units.
Research and development enterprises still use this practice today.

Under Dionysius’s direction, Greek artisans created the gastrophetes, or “belly
bow,” modeled after the bow and arrow. To cock the weapon, the archer pulled the
stock—the compound beam forming the main axis of the weapon—into his abdomen
and pulled back the string with both arms. Using two arms to cock the bow created
substantially more power than the traditional handbow, for which the archer used
only one hand. This tension bow was also larger than the handbow and consequently
was able to hurl heavier arrows. However, the gastrophetes lacked the ability to throw
arrows more than 300 yards and was incapable of throwing stones.

To address the shortcomings of the gastrophetes, further research led to the
development of a new type of bow: the ballista. This bowlike device was made of

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE

Catapult is derived

from the Greek

prefix kata, denoting
downward motion,

and from pelte, a

light shield carried
by Greek troops. A
katapelte could smash
a projectile downward
completely through
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Torsion is the reactive
torque (rotational
force) that an elastic
exerts as a result of
being twisted on its
axis. Tightly twisting
and then releasing
two strands of rope
yields rapid untwisting,
demonstrating torsion.

Onager
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two independent lateral arms connected by
a bowstring at the outer ends. Unlike earlier
bows, the ballista used the power of torsion to
propel stones. Bundles of cord or animal sinew
were twisted to energize the bowstring; more
twisting created a greater torsion effect and
therefore more power. Although similar in form
to the gastrophetes, the substitution of torsion
for tension made the ballista a more powerful
machine.

By the fourth century AD, the latest

Ballista

projectile-launching device was the one-armed, torsion-driven, sling machine known

as the onager, or “wild donkey,” named for the bucking action it exhibited under

the force of recoil. Unlike the bows used in earlier times, the onager combined both

throwing and slinging motions, which extended the weapon’s range. A single arm

extended from the torsion bundle and ended in either a cup or a sling, which held

the stone. The addition of a sling to the arm of this catapult increased its power by at

least a third and allowed the machine to hurl a missile in a high arc—over potential

obstacles—toward a target. Today the onager is the weapon most people associate

with the term catapult.

Falling Weight Devices

By the end of the sixth century, a new stone
projector called the traction trebuchet had appeared
in the Mediterranean. The traction trebuchet
was a medieval catapult-like device that threw
missiles with the force of up to 250 men. Nearly
all catapults used at this time operated by a
sudden release of energy; an exception was
the medieval counterweight trebuchet. Similar in
action to a seesaw or a slingshot, this trebuchet

Trebuchet
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used the energy of a falling counterweight that was suspended from one end of a
wooden arm. This propelled a missile that was placed in a sling at the other end of
the arm. These machines were simpler to construct, operate, and maintain than those
with sinew torsion bundles. Trebuchets were used throughout the Middle Ages and up
through the siege of Gibraltar by the French and Spanish fleets in 1779-1782.

Evolution of Catapult Design
Beginning with the ballista, early catapult engineers combined several design elements
to simulate an archer’s motions for consistent and accurate targeting. These included

e cams to transfer rotating motion into sliding motion;
o claw-and-triggers to grasp and release the bowstring;
o dovetail grooves with sliders to form a movable joint;
o flat-link chains to connect other design elements;

o pedestals to provide stability and support;

e ratchets and pawls or winches to allow incremental accumulation of applied
human energy for increased power;

e stocks to form the main axis of the weapon;
e torsion springs to store the energy used to propel an object; and
o universal joints to allow rotation.

A number of design features that made their debut on catapults are still in use
today. These features, and examples of modern uses, include

e cams in racecars;

o sliding dovetail surfaces in woodworking;

o flat-link chains in necklaces and conveyor belts;
e forsion springs in garage doors; and

o universal joints in automobiles and aircraft.

In addition to making significant advancements in military technology, catapult
engineers used experimental procedures, derived optimization and scaling formulas,
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and performed advanced calculations that showed a level of engineering rationality
not achieved again until the time of the Industrial Revolution of the 18th and 19th
centuries.

The Catapult Advantage

Before the development of catapults, the strategic advantage in ancient warfare was
held by a defending army, who fought behind walled cities. An attacking army armed
with a catapult, however, was no longer at a disadvantage. The ability of the catapult
to concentrate hits on a single spot rendered defensive wall battlements and armored
siege towers vulnerable, changing forever the equilibrium of politics and society.

Even after the invention of cannons and mortars in the late Middle Ages, catapults
were still active on the battlefield because they were easy to construct on site and
were able to do a great deal of damage with more reliable results than the inconsistent
gunpowder of the day. They had the further advantage of positioning flexibility and
relative noiselessness.

Today catapults can be seen in medieval reenactments, engineering contests, and
period films such as Robin Hood. Movies and television have even used catapults to
produce dramatic stunts—such as flying livestock in Monty Python and the Holy Grail
and an airborne piano in an episode of Northern Exposure.
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DAY

Teacher Pages

Give students the Catapult Design Brief and the Snapshot of Understanding. Begin
a class discussion highlighting the important design issues they should consider. For
homework, students read about the history of catapults.

Design Challenge

Have students read the design challenge, and explain that they will use processes in
technological design and scientific inquiry together to meet the challenge. At the end
of the unit, another team will operate their prototype in a final Challenge Event, using
a user’s manual written by the prototype developers. For this reason, it is essential that
the team write a user’s manual that effectively communicates the important elements
of their team’s experience with the catapult.

Snapshot of Understanding

Students begin by shooting several rubber bands into a pie plate, using an “insta-pult”
developed in a fast-paced introductory activity. They then write short answers to ques-
tions about their prior knowledge of catapults, the design process, and underlying
science concepts. The insta-pult adds a performance dimension to this assessment that
will increase with student interest.

Catapult Design History
Students read for homework an illustrated summary of catapult design in historical
context.

Preparation
¢ Read and become familiar with the entire unit.
e Photocopy student activity sheets for distribution.
e Obtain insta-pult materials: rubber bands and tin pie plates.

e Devise rules of safety and conduct for the insta-pult.
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¢ Define your assessment system with a clear, simple description.

e Preview library and internet resource information.

Materials
e Student Activity Sheets
» Course Outline
» Overview: Catapult Design Brief
» Snapshot of Understanding
» Catapult Design History

¢ Ring, pocket, or folio binder (student supplied; for keeping student activity
sheets, notes, and drawings for reference and user’s manual)

e safety glasses or goggles
e rubber bands

e tin pie plates

Time Requirement
This activity requires one class session. It takes about 20 minutes to complete the
Snapshot of Understanding.

Teaching Suggestions
Hand out the Catapult Design Brief student activity sheets. Ask students to keep these
and future sheets together and to bring them to the classroom with other notes to
serve as a record and reference for daily activity (and assessment) in the unit. Advise
students that they will work in teams, using processes of technological design and
scientific inquiry, and that other teams will critique their prototype with respect to the
challenge criteria.

Students are also required to document their activity in a laboratory journal in
order to contribute effectively to the final team presentation and to enhance their
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TEACHER PAGES

individual portfolios. Be clear on your rubrics for assessing their work and share them
with students. Indicate which activities will be individually graded and which will be
given a team score. Be prepared to justify team scoring if some students (or parents)
are not used to the idea.

Preassessment

Hand out the Snapshot of Understanding. Emphasize that it is not a test and that stu-
dents will not be graded on this activity. The purpose of the Snapshot is self-diagnostic:
to find out what students know initially about the key science and technology learning
objectives of Construct-a-Catapult.

An inventory of students’ prior knowledge is an important teaching and learning
tool. Not only does the inventory help guide students toward the concepts they need
to learn the most, but it also prepares them to accept new information in a manner
that ties meaningfully to what they already know. At the end of Construct-a-Catapult,
students will be able to compare these answers with answers to similar questions
given at the end of the unit.

Collect and retain the Snapshot after students complete it.

Issuing the Catapult Challenge

Refer the class to the Catapult Design Brief and discuss the challenge statement.
Although it is important to spend some time discussing the challenge, it is important
to move ahead rapidly and begin the introductory insta-pult activity.

Contextual Design History Reading and Internet Search

Assign the Catapult Design History reading for homework. You may wish to extend
student investigation of the history of catapults to include internet searches.
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Quick-Build Catapult

Your first step is to build a simple model catapult for launching a projectile. You will
be limited in time and materials to do this. The general design may be determined by
your teacher or by your creativity with the available materials. The idea is to build this
experimental launcher as quickly as possible and try it out to get a sense for what is
important in building your next catapult, which will be designed for accuracy.

Once you have put it together, take your quick-build to a designated testing area
and try launching the projectile. Your goal is to find ways to predict and control where
the projectile goes. Each team partner should do some launching and take a turn at
observing, making notes, and retrieving projectiles. Here are some suggestions:

e Put the tin pie plate target somewhere in the launching area and try hitting it
repeatedly.

e Move the target to find a minimum and maximum distance (range) over which
you can achieve some measure of control.

e Use books or boxes to elevate one end of the catapult.

e Experiment with different ways of hitting the target, such as low and direct
versus a high lob.

As you are building and testing, jot down notes so that you can refer to them later.
Use your trial launch observations with the quick-build catapult to identify variables
that must be controlled to meet the challenge of predictable and repeatable (accurate
and reliable) performance.

e What did you see happening?
e What did you change?
e What happened as a function of the change(s)?
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Identifying Variables

Your catapult is a system of interrelated parts. You may have observed that making a
change in the catapult itself or in the way you operate it can make a difference in the
catapult’s performance. Think of the variables you observed as belonging to one of
two categories: (1) parts of the catapult system or (2) user operating procedures. In the
table below, list these variables by category and describe the range of possible varia-
tion. Focus on detail and try to think of factors you can control or modify to improve

QUICK-BUILD CATAPULT

the accuracy of your launcher. Use additional paper as necessary.

Parts of the Catapult System

Variable

Range of Variation

Example: Angle of the catapult

Flat, between O0° and 45°,
between 45° and 90°

Variable

User Operating Procedures

Range of Variation

Example: How yow position
the rubber band

High onthe nails; inthe middle
of the nails, low on the nailsy
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Beyond the Quick-Build

From your list in the previous activity, select the variables that you feel contributed
most (positively or negatively) to the performance of your quick-build. Suggest what

modifications you could make to meet the challenge goals. Record your current think-
ing below:

Most Significant Variables Suggested Modifications
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DAYS

Teacher Pages

In a single, fast-paced class session, students work in teams to design and construct a
materials-constrained quick-build catapult. Each team must be composed of at least
three students to complete the testing phase successfully. Students use their quick-
build to practice firing uniform projectiles (such as practice golf balls or clay balls) at
a target to determine factors important to accuracy. They record notes on the changes
they make and on the performance achieved, and they sketch a drawing with labeled
parts. During homework and class discussion, they identify important variables.

|dentifying Variables

For individual homework, students reflect on their quick-build performance and
brainstorm a list of system and operational variables observed, with ranges of varia-
tion. They contribute their list to a class compilation and discussion.

Moving Beyond the Quick-Build

After class discussion, student product development teams select those variables
deemed most significant to the challenge performance goals and outline design fea-
tures to control them.

Preparation

o Tailor quick-build instructions and assembly drawing to materials obtained;
copy and distribute.

e Select a uniform projectile and provide to all teams. Carefully weighted
lumps of clay have the advantage that they will not bounce, but they require
extensive preparation and maintenance. Other options include practice golf
balls, small beanbags, or pincushions.

¢ Designate and arrange construction and launching areas for the quick-build.
¢ Organize materials for easy access.

¢ Determine student team sizes and formation strategies.
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¢ Contact related workplace career representatives in science, engineering,

history, military, avalanche control, and other related areas to establish context
and reference.

Materials
For Each Student:

Student Activity Sheets
» Overview: Quick-Build Catapult
» Identifying Variables
» Beyond the Quick-Build

For Each Team:

Building Materials

scrap board or Peg-Board

2—4 screws, nails, or bolts, 2-5 cm long

rubber bands of various lengths

short pieces of string or twine

projectiles (clay, practice golf balls, small beanbags, or pincushions)

tin pie plate target

awl, punch, nail, or drill for fastener pilot hole
screwdriver or hammer

ruler showing millimeters

pencil

safety glasses or goggles

disposable camera with a flash
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Time Requirement
This activity usually requires two class sessions: one to build and test the quick-build
catapult and one to discuss variables and plan modifications.

Teaching Suggestions

Hand out student activity sheets, and remind the students to keep all sheets together
and bring them to the classroom with other notes to serve as a record and reference
for daily activity (and assessment) in the unit. These records will be critical to their
successful development of the final team’s user’s manual, as well as their individual
portfolio.

Building, Testing, and Sketching the Quick-Build

This needs to be an active, fast-paced class. Allow students only one class session
to build and test a quick-build launcher. Divide students to work in groups of three
or four—refer to these groups as product development teams. You can leave the
design wide open or suggest a very simple design such as that shown in the Parts
of a Catapult activity sheet (p. 140). If you want students to assemble by reading a
dimensioned drawing, you may wish to dimension or otherwise modify the Sample
Student Catapult Designs (p. 157-158) to match your supplies.

Arrange the common tools, such as hammers and screwdrivers, so that students
have easy access to them. Students who have rarely used a hammer or screwdriver
may need a demonstration of safe and effective use. Intervention by you and by “stu-
dent consultants” at critical junctures may also be required.

Each student should make a rough sketch of his or her group’s quick-build and
for homework fill in labels for all parts. If appropriate for your class, you might rec-
ommend that manual drafting, computer-aided design (CAD), or another technical
illustration process be used for later inclusion in the user’s manual.
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Homework: Identifying Variables

Set the stage for design improvement analysis with the Identifying Variables activity
sheet. Students list all the variables they observe as they build and test their quick-
builds, and specify for each the range of possible variation.

Students are asked to classify the variables in two categories: those that are part of
the device itself and those more associated with the user. An example of each kind of
variable is included on the student activity sheet. Listed below are some variables you
might expect students to identify:

Parts of the Catapult System
e kind of rubber band
e tightness of the rubber band
¢ angle at which the catapult is positioned
e stability of the catapult’s base
e how far back the rubber band is pulled

e how far apart the nails are positioned

User Operating Controls
e how the user handles the projectile
e how the user positions the rubber band on the nails
e where the rubber band is held
e consistency of operator stance, steadiness, and concentration

¢ smoothness of release
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TEACHER PAGES

Class Discussion of Variables

Compile a class list of the variables and ranges of variation students identified in their
homework. You may want to make a large chart on the board and jot down students’
ideas so that all students have access to the complete list. Use a class discussion to set
the stage (and to level the playing field) for the next activity.

Planning Modifications

The product development teams should begin their work with the Beyond the Quick-
Build activity sheet. (A team must be composed of at least three students: one to
launch, another to mark landings, and a third to record test data.) Teams discuss and
select those variables deemed most critical and controllable for success in meeting
the challenge. They record, in words or sketches, their plans to modify or redesign a
launcher to address the problems.
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You have assembled and fired a simple, inaccurate quick-build catapult. You probably
observed inconsistency in performance (unpredictable landings) from your rubber
band—powered launcher. To make successful improvements on this device, you will
need to learn about sources of error (nonrepeatable results) in both the mechanical
system and the human operating technique. You will focus first on basic research
regarding elasticity, using your actual quick-build in the experimental setup. You will
work in pairs or teams to conduct the research activities.

Scope of Work

e Research the science concepts relating Hooke’s law to the functioning of the
quick-build catapult.

e Suspend known mass loads from your quick-build’s rubber band(s).
e Tabulate and graph stretch as a function of applied mass.
e Use Newton’s second law of motion and the gravitational constant to derive

force/stretch calibration values for the rubber band(s). This will tell you how
far to pull the rubber band to achieve a certain range.

Asyoumake design improvements to meet the challenge conditions, you may need
to come back to these basic research methods to test and calibrate new configurations
of the elastic propulsion system. No matter how carefully you predict and plan, there
may be mistakes or surprises; be alert and learn from them so that you can modify
your experiments accordingly.
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Investigating Elasticity

A key part of your catapult design is the elastic propulsion system. In the quick-build
activity you experimented with common, convenient rubber bands. Did you notice
any useful relationships between the force you applied, the amount of stretch of the
rubber band, and the distance the projectile traveled? Did the projectile go farther if
you pulled harder to stretch the band? Did you notice any limits or exceptions?

This activity will help you discover and quantify the relationships between the
elasticity of the rubber bands, the force applied to them, and the distance they traveled.
Matter has some universal elastic properties, whether it be rubber bands, concrete, or
steel (skyscrapers, which are made of steel and concrete, sway back and forth several feet
during high winds). These properties were observed and described by Robert Hooke
(1635-1703) in his “hypothesis of springiness.” A contemporary of Newton, Hooke
discovered what he believed to be a law of nature similar to Newton’s laws of motion.

Although Hooke’s law is an important discovery, it is different in scope and char-
acter from Newton's laws. In the design of your catapult, you will look at how Hooke’s
law and Newton’s second law of motion are connected to each other and discuss the
differences in their application.

Experimenting With Stretch

1. Select two rubber bands that are different in width, length, thickness, stiffness,
and so on. Name and label them, and record their dimensions and other distin-
guishing characteristics.

Band A:

Band B:
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2. For each rubber band, attach both looped ends to projections as shown below
so that units of applied mass (“weights”) may be attached and hang freely. You
may wish to secure your quick-build catapult vertically on the edge of a table or
window ledge.

Horizontal view without weights:

— &

Vertical view with weights hanging:

3. a. Select a series of 5-8 known masses to suspend from each rubber band. Your
least mass must be sufficient to produce measurable stretch.
b. Tape a paper strip to your quick-build board and mark the vertical location
of the unweighted rubber band as the starting point for your measurements.
c. Using paper clips or other hooks, attach each mass in sequence from least to
greatest to the suspended rubber band, and measure the amount of stretch.
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4. For each rubber band, record the applied masses in kilograms and corresponding
distance stretched in a table of data points. Plot your data as graphs similar to
those shown below. For each graph draw the best-fit line through the points.
Tape each rubber band to the legend of its graph.

Band A Band B
[} )]
(2] ]
© ©
= =
Distance Distance

5. a. Describe what you noticed about the points plotted for each rubber band.

b. Could a straight line include all or most of your data for each rubber band?
Explain.
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6. Use your graph to predict the distance of stretch for masses smaller and larger
than those you used.

a. How accurate do you think these predictions will be? Explain.

b. Pick a mass between that of two you used. For example, if you had used 45 g
and 60 g in your calibration, choose a mass in between—perhaps 55 g. Figure
out the length of the stretch corresponding to this applied mass.

c.  What do you think happens in the case of very large applied masses?
Explain.

7. Try to express the relationship between mass and distance as a formula.
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8. Hooke’s law states that the stretch is proportional to the mass you applied. The
region in which a material—in this case the rubber band—obeys Hooke’s law is
called the elastic limit of the material.

a. What does your graph tell you about the elasticity of your rubber bands?

b. How are your bands’ elastic limits represented on your graph? Can you find
a region on the graph where Hooke’s law is not followed?

9. a. Plotboth lines from the graphs you made in question 4 on the same set of
coordinates.

Mass

Distance
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b. Compare the two lines and explain similarities and differences between
them. Be sure to compare them with regard to their conformity to
expectations from Hooke’s law.

c.  What do you think the area under your plotted lines represents?

10. How could this exercise help you design your mechanical launching system?
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Students work in pairs or teams to investigate elasticity. They suspend known mass
loads from rubber bands in an experimental design that uses their quick-build
launchers. Students then create a data table and a graph to show the amount of stretch
as a function of applied mass. They use the gravitational constant and Newton's
second law of motion to convert the mass loads applied to the rubber bands on their
catapults into force calibration values; they also relate their data to Hooke’s law. In
calibrating the rubber band, students are creating a measurement scale that relates
the amount of stretch to the quantity of force (and hence the range the projectile will
travel). As an option, you may consider graphic or mathematical derivations of spring
constants and energy factors.

Preparation

¢ Devise ways of affixing quick-builds on edge vertically for the experimental
setups.

¢ Determine suitable type, quantity, and variety of mass loads for appropriate
stretch of rubber bands.

Materials
For Each Student:

o Student Activity Sheets
» Overview: Research
» Investigating Elasticity

» Projectile Motion (optional)

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE 1 33



For Each Pair or Team:

clamps or duct tape for stabilizing each quick-build in vertical position for
mass loading

four to six types of rubber bands, about 25 of each type (ways in which they
can differ include their width, length, thickness, and stiffness)

set of masses

graph paper
paper clips or hooks for suspending masses

For the Class:

Accurate scale or balance for quantifying mass load values in grams

Time Requirement

This unit requires three class sessions:

1. One class for experimental setup, mass loading, and stretch measurement for two

different rubber bands. You might assign the graphing of data for homework.

2. One class for whole-group comparison of graphs and merging separate graphs to

a single set of axes.

3. One class for discussion of concepts, formulas, and steps for conversion from

suspended mass to spring force loading in the context of Hooke’s law, applied to

a quick-build catapult propulsion system.

134
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Teaching Suggestions

Day1
Ask students to work in pairs on the Investigating Elasticity activity. Attach the quick-
build launchers to a vertical surface so they can be used as elastic supports.

Students will suspend masses in increasing increments from rubber bands and
create a data table of mass versus stretch for two different rubber bands. Comparing
findings across the class should lead to appreciation of the numerous variables inher-
ent in the elastic component of the propulsion subsystem.

Using the quick-build in the experimental setup makes the data directly relevant
to subsequent redesign activity. Students should complete data collection and organize
their results in a table during this class session. They will then construct a graph for each
set of data in the table and answer the series of homework questions in the activity sheet.

Day 2

Review homework by choosing several groups of students to sketch or project their
graphs on the board for use as a basis of discussion. Ask them to display the rubber
bands associated with each graph. To assess the level of class understanding, pose ques-
tions and elicit responses from a range of students. Sample questions might include:

o What do these graphs tell us about the elastic behavior of the rubber bands?

o Why are the graphs different? (Relate to observed properties of each elastic band,
such as length, width, thickness, and stiffness.)

o How are the bands’ elastic limits represented on these graphs?

A straight line will describe the data within each band’s limits of elasticity. The
students’ own findings should set the stage for your presentation of the formula for
Hooke’s law and discussion of elastic limits. A change in line slope, or the beginning
of curvature, indicates the deformation zone, where stretch is partially irreversible.

Hooke’s law states that force is proportional to stretch and is expressed by the
formula F = kd. This is sometimes written as F = —kd to show that the force is in the
opposite direction as the stretch. Students are often confused by the fact that this
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formula is sometimes written with a minus sign and sometimes not. The minus sign
is important when we are concerned with the direction of the force. When the stretch
is no longer proportional to force (when twice the force produces less than twice the
stretch), you have exceeded the elastic limit of the rubber band. You have also perma-
nently changed its properties.

Correlations between Newton'’s second law and Hooke’s law should be explored
in the second day of this activity. On the first day, students should have processed their
observations somewhat subjectively, gaining experience in how to select an elastic
band for their next launcher’s propulsion system that will remain within elastic limits.
Students should come to understand that if they load their catapult’s rubber band
beyond its elastic limit, the permanent deformation will change subsequent perfor-
mance, thus rendering calibrations useless.

For the remainder of the session on Day 2, guide student groups in choosing an
appropriate scale such that their graphs fit onto one set of axes. Students should com-
plete the Investigating Elasticity activity sheet in class. Answers to questions 9 and 10
should reflect the outcomes of the previous in-class discussion. Ask several groups to
report how their observations agree or differ with their expectations and assumptions.
Discuss any lingering misconceptions, and summarize conclusions.

Day 3

In this session, students integrate the idea of force into their design considerations
regarding elastic stretch. One way to make this transition is to use the following line
of questioning (begin the class with a discussion about what causes the stretch in the
rubber bands they have been using):

o What causes the stretch and how does it happen? (force attributable to the pull of
gravity)
e Can you think of a place where using applied mass would produce less stretch? (the

Moon, because its gravitational force is weaker [about one-sixth that of the
Earth])
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o Can you think of a place where there would be no stretch at all? (in orbit, where
there is no effective gravitational pull)

Next write the equation F = ma on the board to illustrate Newton’s second law of
motion. Ask students to consider how the masses (in kilograms) that they suspended
can be equated to forces (in newtons). See if they remember that the acceleration of
gravity is 9.8 meters per second squared (m/s?) and know how this information can
be used to calculate the force applied by a hanging mass. On the chart they made
earlier, students recorded the number of units of applied mass and the corresponding
distances the elastic stretched in each case. By multiplying each total applied mass (in
kilograms) by 9.8 m/s? they can obtain the applied force (in newtons) for each case.

Have students describe what they have done in their own words, to assess whether
they understand that they have quantified the force that a specified amount of hanging
mass exerts (vertically) on their elastics. Do they further understand that their graphs
now allow them to quantitatively describe the force they apply by hand, when the
catapult is in operating position? Just by measuring stretch, they have force-calibrated
the catapult. It is important for students to understand that it is the stretch in the rub-
ber band that determines force, not the length of the band, which will not be zero when
the force is zero. Furthermore, the rubber band need not be part of the catapult. If the
catapult were cocked with a lever, a rubber band pulling on that lever could still be
used to calibrate the force exerted at different angles of the lever.

As a further demonstration, you may wish to hook a spring scale calibrated in
newtons onto a rubber band and pull it by hand for verification of the calibration.

To expand class involvement with science and math, you may wish to develop
the concept that the area under each line in their graph represents the energy applied
and stored. You might also wish to develop a classification of rubber bands by spring
constants (k). Students can use Hooke’s law (F = kd), to calculate k. This can be done
algebraically from their data tables or by simply measuring slopes from their graphs.
Students can discuss what higher and lower values for spring constants imply with
respect to catapult performance.

The optional Projectile Motion student activity sheet (in Appendix A) addresses
air friction as one of the factors in calculating projectile velocity. Other factors you and
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your students may wish to consider are humidity, temperature, projectile spin, density

of the air at different altitudes, surface roughness and shape, velocity of the projectile,

and aerodynamic lift.

Independent Science and Math Investigations

You may be interested in having your students conduct additional independent inves-

tigations of elastics as extensions of science and math applications. Here are some of

questions they can pursue:

138

Compare the effect of using more than one rubber band (in parallel or series) versus
using just one. Graph your results.

Choose five different rubber bands and rank them from strongest to weakest. Graph
your results.

Choose five different rubber bands and rank them from most to least stretchy. Graph
your results.

Try some different configurations with your rubber bands (such as twisted, supported
at greater or less initial tension, etc.) and compare the data you collect with that
collected during class.

Develop an explanation for what the area under the lines represents in your graph
from the Investigating Elasticity homework assignment. Identify the relevant field of
mathematics for quantifying the physical entity.
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Development

You have completed basic experiments investigating elasticity. You have also reflected
on the variables you need to control for improved catapult system and operator
performance. To meet the Construct-a-Catapult design challenge, you will use your
research findings to develop a prototype and create a calibrated, predictable firing guide
for others to use. You will need to test-fire (and modify if necessary) your prototype
until a consistent pattern—and statistical relationship—can be found between projectile
landing distance and force applied. You are encouraged to expose your prototype to
the scrutiny of other teams to supplement your internal evaluation and revision cycle.

Scope of Work

e Track and record milestones of your team’s work in terms of the design
process cycle.

¢ Build your prototype and test its performance.
e Measure and record projectile landing patterns correlating to forces applied.

¢ Modify design as necessary until your data are consistent enough for you to
develop written instructions for a new user operating your catapult prototype.

¢ Exchange your prototype and operating instructions with another team to
obtain peer feedback.

Evaluate your prototype critically and make modifications until you are satisfied
with its improved performance, or are simply out of time. Remember to reflect on your
process; how you go about your design and what you learn are key elements in the
communication and assessment activities to follow. Good planning is essential to good
design. Look again at the results of your research where you identified variables and
wrote about the key differences in requirements for catapult performance. Brainstorm
with your team to maximize identification of improvement alternatives—be creative.
Review the Inquiry Process (p. 172) and Design Process (p. 176) activity sheets and be
aware of where you are and where you are going in these iterative process cycles.
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Parts of a Catapult
On the diagram below, sketch in and label a stock, pedestal, slider, and trigger. Refer to
the Catapult Design History activity sheet for help.

SCrews

rubber band

practice
golf ball

A Quick-Build Catapult
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Resource List: Fasteners and Adhesives

In the lists below, circle the fasteners and adhesives you will use in building your
catapult and write which parts of the catapult will be joined with those fasteners next
to your choice. For example:

Binder clips

Be prepared to explain your choices in terms of cost, speed, durability, and other

to- attach rublber band retainer to- stock

Bolts and nuts

factors.
Mechanical Fasteners Adhesives
Screws Transparent tape
Nails Duct tape
Paper clips Masking tape
Binder clips Double-sided tape
Clamps White glue (e.g., Elmer’s)
Rivets Paste/glue sticks
Staples Hot glue

Construction adhesive

Hinges Superglue

Wire Velcro strips and dots
String Adhesive foam mounting pads
Elastic bands Contact cement
Clothespins Rubber cement
Screw eyes

Cup hooks

Chain

Pegs

Slide/rail

Clipboard

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE

141



142

Beyond the Quick-Build: Second Pass

From your list in the previous activity, select the key variables you feel contributed
most (positively or negatively) to the performance of your quick-build, and suggest
what modifications you could make to meet the challenge goals. Record your current
thinking in the following chart:

Most Significant Variables Suggested Modifications
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DEVELOPMENT

Team Feedback

Identify those variables that are interfering with the performance of the catapult. Make
suggestions about what modifications could improve its performance. Record the
variables and suggested modifications in the table below:

Interfering Variables Suggested Modifications
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Making a Frequency Distribution

In the Challenge Event, you will exchange your catapult prototype and a user’s manual
with those of another team who will be asked to hit a target by following your instruc-
tions—without the benefit of practice or trial and error. For your team to succeed in
meeting the Construct-a-Catapult design challenge, you need to make a launching
graph that will guide your partner team to successfully operate your catapult. The
launching graph must relate the force used to pull back the slider to the distance the
projectile goes. By referring to the user’s manual, the new team should be able to hit
the target, no matter where it is placed.

You have probably seen variation in where the test projectiles land for a given
force setting. You can refine your design and operating technique to reduce but not
totally eliminate such variation. Statistical analysis of the variation will help you
decide how to indicate and describe your catapult calibration markings for another
user to interpret. The following activities will help you to find and describe patterns
in your data variation. You can then use these patterns to make a launching graph that
incorporates your calibration decisions.

First of all, you need to launch a number of projectiles at a variety of force settings
and measure the distance they land from the catapult for each setting. Then make a
series of frequency distributions so that you can analyze the spread pattern for your
landing data. Refer to your frequency distributions and describe the overall patterns of
projectile landings. Note and discuss anything unusual you observe about your data.
Your frequency distribution will go into your user’s manual.

NATIONAL SCIENCE TEACHERS ASSOCIATION



Making a Launching Graph
Use the data from your frequency distributions to determine what distance, at each force
setting, best represents the performance of your catapult for that force setting. Then, on
a separate piece of paper, graph the relationship between amount of force (force setting)
and distance traveled. Your launching graph will go into your user’s manual.

Once you have made your graph, answer the following questions:

1. Describe the general shape of your graph.

2. What do the data tell you about the relationship between the amount of force used
to launch a projectile and the distance the projectile travels?

3. Hooke’s law states that stretch is proportional to the force applied. Does your graph
indicate that distance traveled is also proportional to force applied?

4. What does your intuition, or knowledge of physics, suggest should be the relation-
ship between force and distance traveled? (Hint: You may find the concept of energy
conservation useful.)
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Reflections On Your Design

1. What is the one feature of your catapult about which you are most proud?

2. Describe the concerns you have with the present design.

3. Describe in a paragraph or two the approach your team took in the designing and
building of your catapult. Include a problem your team encountered with the perfor-
mance of your catapult and how you went about solving it.
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As homework, students may read the Design Process optional activity sheet (included
in Appendix A) and answer the design process questions to determine where in the
design loop they’ve been, where they are now, and where they’ll go next.

On the quick-build catapult diagram (p. 140) students superimpose and label
additional performance enhancement parts referred to in the Catapult Design History
activity sheet (p. 111). They then compare their answers with those of their teammates
to develop a common vocabulary for discussing diverse design elements.

Students review a list of alternative fasteners and adhesives, make choices, and
construct a working model of their design. Students unfamiliar with fastening technol-
ogy will benefit if choices are made by team consensus. Students do a second pass on
identifying variables impeding performance—this time of their redesigned launcher—
and record their suggested modifications.

Each team pairs with another team, trades catapults for evaluation, and makes
and receives suggestions for modifications.

Students launch projectiles with their prototype in a testing arena; they record
landings, describe patterns, and construct a frequency distribution. Students use their
judgment to select representative data to (1) graph for use as a launching guide and
(2) use as a basis for final calibrations and operational instructions for their prototype
catapult.

Students reflect on their designs, describing both strengths and weaknesses.

Preparation

e Prepare the fabrication zone: consider quantities of work space, materials,
tools, and fasteners available, and optimize spatial arrangements for safe,
efficient access.

e Set up the launch testing arena: If space in your room allows, give each
group its own area to launch its catapult. If there is not enough space for this,
designate a “launching arena” for groups to share.
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¢ For easy cleanup and convenient data recording, you may want students to
prepare the launching arena. Roll out 4-5 m of brown paper and tape it to the
floor, making marks at meter intervals. Have colored sticky dots, cornstarch, or
chalk dust available to mark the place where the projectile lands.

e Consider technological tools: If your students are proficient with
computerized spreadsheet software or graphing calculators, the data they
collect during test launches can be entered, manipulated, and printed. If
they are not familiar with this technology, consider this an opportunity to
demonstrate or expose them to the power of such tools.

Materials
For Each Student:

e Student Activity Sheets
» Beyond the Quick-Build (review)
» Overview: Development
» Parts of a Catapult
» Resource List: Fasteners and Adhesives
» Beyond the Quick-Build: Second Pass (assessment)
» Team Feedback Form
» Making a Frequency Distribution
» Making a Launching Graph
» Reflections on Your Design

» Design Process (optional)
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For Each Team:

e Calibration Materials

»

»

»

»

»

»

»

roll of brown paper, 4-5m
in length

safety glasses or goggles
color-coding labels
(assorted colors, round)
graph paper

metersticks

practice golf balls

(or other lightweight
projectiles)

chalk dust, cornstarch,
or baking powder (for
marking projectile
landings)

Time Requirement

The overall time constraint of four days requires efficient and productive team pacing
to accomplish the design, construction, and testing of catapult prototypes with one or
more iteration. Encourage students throughout this sequence to continue their team
collaboration and to work intensively outside of class.

Teaching Suggestions

Student teams will vary in how long they take to complete different stages of the
prototype process. Therefore, the timing and the order of activities described below

should be flexible.

For the Class:
¢ Redesign Supplies

» SCrew eyes
» screw assortment
» rubber bands

» binder clips of different
sizes

» bottle caps

» hinges

» corrugated board

» spring and straight
clothespins

» lathe or wood molding
strips
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Discussion of Homework: Design Process (optional)

Discuss the homework in the Design Process activity sheet. A good initial question to
pose might be: Does the diagram depicting the design process accurately reflect your design-
ing and building experience? Other questions to ask from the homework include:

o Which elements of this process have you already experienced?

o Where in the process do you think you are now?

You may wish to make the criteria you will use to assess students” technological
design capability available at this point and invite discussion.

Suggest to students that if they become stuck at any point, they should refer to
their portfolio notebook for ideas about what to do next. Highlight, or elicit, examples
of how students already used or might soon use the design process loop in nonlinear
progression.

Starting to Redesign the Catapult

Students may choose to proceed with the redesign of their catapults either by improv-
ing on their quick-builds to make them more accurate or by starting fresh. In either
case, they should (a) preserve or duplicate the elastic system they worked with in
the research phase or (b) recalibrate a newly designed system. Advise them also to
keep the users of their catapults in mind. Remind them that teams will be exchanging
catapults to meet the final challenge. Therefore, students must make a catapult and
instructions for operating it written in such a way that other students can operate the
catapult easily and successfully.

Indicate the range of distances to target that may be employed in the final chal-
lenge, stressing that the exact distance will not be announced before the challenge.
Operating instructions for the catapult must inform the user how to hit a target on the
first attempt at any distance within the given range.
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Resources for Redesigning

Before students begin redesigning, have them complete and discuss the Parts of a
Catapult activity sheet—first individually, then as a team—to define the team’s design
vocabulary. They could also review the following resources to help them get started:

¢ Beyond the Quick-Build: This activity sheet, which students did in Activity
2 (p. 120), can be used to refresh their memories about what kinds of
modifications they need to make as they redesign their launchers.

e Catapult Design History: This sheet includes diagrams and descriptions of
types and parts of catapult stocks, pedestals, sliders, triggers, and propulsion
systems.

¢ Resource List: Fasteners and Adhesives: This worksheet lists possible ways to
fasten parts of their prototype together.

Timely Feedback

As students move beyond their quick-builds, it is essential that teams be allowed to
grapple with the challenges of designing, building, and testing their catapults—and
of revisiting these processes. But it is also important that they receive input at criti-
cal times. One source of input is the team itself or perhaps a team launching nearby.
Another important source is timely intervention from you. Very often, a suggestion
about how to solve a problem, or a reference to a diagram or picture, will stimulate
action. Just be careful to avoid intervening too early and too often.

Evaluation and Reflection

After they have had a chance to struggle with the redesign of their catapults, or have
become stuck, students have the opportunity to evaluate and reflect on their redesign
using the activity sheet Beyond the Quick-Build: Second Pass. You may wish to use
this activity sheet as a way of assessing students” growing ability to identify relevant
variables. You might also assess their troubleshooting or problem-solving ability, as
revealed in modifications they have made to address problems they have encountered.
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Following this reflection/assessment, pair each team with another for the purpose
of providing feedback about each other’s catapults. Suggest to partner teams that they
demonstrate their catapults to each other and that each team collaborate to provide
written feedback to the other on the Team Feedback Form. The goal here is twofold: for
students to share ideas and for them to obtain helpful feedback from others.

Both the second pass and the feedback forms can be used more than once.

Once groups have consulted and provided feedback to each other, provide some
time and space for each team to discuss and decide next steps.

Making a Force Scale

If students have not yet made markings for a force scale on their catapult, they have
probably been using trial and error to hit their target. The force scale’s purpose is to
indicate as precisely as possible how far back the rubber band or slider should be pulled
to apply specific force. Correlating landing distance with applied force is necessary
for achieving repeatable results. Students should refer to the table they made in the
research phase to relate stretch distance to force applied. They will most likely inscribe
or attach the force scale on their sliders or stocks. To prevent a user from exceeding
the limit of elasticity for their device (which would deform the elastic and render their
markings useless), teams should consider making a slider stop or restraint.

Some catapult designs do not allow for a simple stretch scale along the slider. The
trebuchet, for example, has no slider and is cocked with a rotating lever. Calibration
can still be accomplished, however, using the same principles: Use a calibrated rubber
band to pull the rotating lever to a particular position. The stretch of the rubber band
is still a measure of the force needed to reach that position.

Collecting Data

To test their catapults, students launch balls into the launching arena using a fixed launch
angle and a range of force settings. As each projectile is launched, it is helpful if one team
member observes where it lands and puts a colored dot coded for the force setting at the
landing place. Rolling the projectile into a powder such as colored chalk, cornstarch, or
baking powder ahead of time makes the spot where it lands more visible.
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Deciding How Good Is “Good Enough”

Once groups start testing the accuracy of their catapults, it is important to discuss with
them how accurate their catapults need to be. The answer to this question will depend
on your own goals and what is realistic, given the materials students are working with
and their skills as problem solvers, designers, and builders. A suitable range of accuracy
might be for the majority of balls launched at a given force setting to land at distances
that are within 10-20% of each other. Alternatively, you might create a Challenge Event
goal to land within a target zone (for example a tin pie plate) three out of five times.

Students will notice that even when they pull the slider back to the same place
each time, the projectile does not always land in the same place; at best, the data will
cluster within a certain range. Discuss with students ahead of time how many trials
they think will give them a clear idea of the catapult’s performance variation at that
setting. This will depend on the accuracy that has been selected. In most cases, about
10 projectiles at each force setting should be adequate.

Whatever the standards you set for your students (or they set for themselves),
remind them of the need to analyze and improve both the catapult system design
and the operator launching techniques to achieve consistent performance. As your
students are testing their catapults, look for evidence that they are evaluating and
using their findings to make both system and operating improvement decisions.

Representing Data in a Frequency Distribution
To obtain a clear picture of their catapult’s performance over a range of force settings
and to show the spread of the data (variation or “error”) at each of these force settings,
students mark the landing points with dots or labels coded according to force set-
ting, measure the distance each ball lands from the catapult, and represent these data
graphically. As a visual record, they may wish to photograph the arena to show the
overall landing patterns, draw an arena diagram, or, if paper was used on the arena
floor, simply save the marked paper.

One way for them to represent patterns in their data quantitatively is with a fre-
quency distribution. If your students have not had much experience describing data
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statistically, you may want to put a sample distribution on the board and discuss as a
class how to find which distance is most representative at a given force setting.

Students will display the patterns in their data on the Making a Frequency
Distribution activity sheet.

Sample Frequency Distribution  Key: x=1F, 0=2F, w=3F, A=4F

Trials

O O w

X X O O w

—I X X X X X
— o o o
— o o o
— = =T 22 =2
— > > >
—> > > >

X
I

- X X

w W A A
[ 1 | [ 1 | I I
1.01112131415161.7181.92.0212223242526272829

Distance in Meters

Representing Data in a Line Graph
Students study the frequency distributions they made and determine a single distance
that best represents the relationship of launch force to distance traveled for each data
cluster. For a certain force setting, students may notice a mode or modal cluster in the
data pattern and choose that distance as the most representative. In another situation,
there may be no clear mode, and students may decide that the average best represents
the performance of the catapult for that force setting. With such summary statistics
of their data, students make a simple, clear launching graph for use in the Challenge
Event, keeping in mind that others will have to understand it.

Each team makes their custom launching graph on separate paper as part of the
Making a Launching Graph activity sheet. This graph will be included later in their
user’s manual. Addition of grid lines, error bars, and other enhancements should be
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reviewed by teams to describe whether such enhancements would assist or confuse
the prospective user in the Challenge Event.

Sample Launching Graph

N W +
X

Deflection (force)

] ]
1.31.415161.71.819202122232425262728

Distance in Meters

Optional Extension: Projectile Motion

Students might compare their data with expectations from textbook descriptions and
mathematical models of the parabolic paths of projectiles. They can determine the
mass of the ball, apply known forces, and observe or even videotape trajectories and
record landings. Most models apply to cases that have been simplified to ignore com-
plicating effects of air friction. The projectiles used here, however, are acceptable in the
classroom because they are specifically designed with low mass relative to surface area
to capitalize on air friction and limit velocity and distance traveled. For these reasons,
one cannot expect data from the catapults to follow frictionless models precisely.

By making comparisons of standard assumptions to real circumstances, students
may better understand why different statistical summaries fit different force settings.

This could lead them to create custom corrective factors for their launching graphs that
are rooted in new conceptual understanding.
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Design Self-Assessment

As a final development activity, students reflect on what they have done thus far in
Reflections on Your Design. They are asked to identify positives and negatives about
their current design and to describe briefly their team approach and process. This
activity sheet is short, and you can add your own questions.

Assessing Students’ Design and Build Capabilities

There are several key elements of students” design and build capabilities you could
assess throughout the development phase:

e How well students are able to develop solutions. Developing ideas through to
workable solutions is at the core of technological design. Look for evidence of
students’ ability to do this, both in your ongoing observations of students at
work and in the responses they give on the activity sheet Beyond the Quick-
Build: Second Pass.

o How well students are able to evaluate the processes they have used. This includes
the extent to which they are able to identify strengths and weaknesses of
their catapults. Look for evidence of students’ ability to do this, both in your
ongoing observations of students at work and in the responses they give on
the activity sheet Reflections on Your Design.

o To what extent do students exhibit ownership of the task? Did it change with time?
How much initiative did they take? Look for evidence of this in your ongoing
observations of your students.
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Sample Student Catapult Designs

ball

tension adj eyes

ball holder eyes
binder clip body

binder clip arm

elastic retainer
clothespin spring

carft stick

nail
clothespin spring

nail: firing pin,
inserted from
bottom

%V*ha““e'
‘%\ screw
elastic
v-channel v-channel variations
eye
string

(continued)
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Sample Student Catapult Designs (continued)

binder clip

slider;
through

rubber band guides

I [—— ring binder

/{
clothespin @

blister-pack
ball holder

S

wood ___ |
guides

round plastic lid for

ball carrier \

wood v-channel

rubber bands /
knotted through hole in lid

wood base

rubber band
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Communication

Your research and development team has made a prototype ready for demonstration
in the final catapult Challenge Event. Now another team—using your draft written
instructions—will operate your catapult in the event. For this reason, your team
must communicate clear, effective operating instructions in a user’s manual that also
summarizes and documents your efforts in constructing your catapult.

Think about the discoveries you have made while working through Construct-a-
Catapult. Communicate the important science and technology topics that relate to your
effort, and describe your work in a way that allows a prospective user to understand
the principles involved.

Scope of Work

¢ Demonstrate the calibration accuracy of your prototype according to
Challenge Event rules.

e Asateam, write a user’s manual with instructions for others to successfully
operate your catapult within performance specifications.

¢ Assess your own learning by comparing your postproject Snapshot of
Understanding answers with those you wrote at the beginning of the unit.

e Submit your portfolio for individual assessment.
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Creating a User’s Manual

The final activity is for you to communicate the results of your work in a user’s manual.
Your goal is to include information that would interest others in using your catapult
and inform them about its capabilities.

An important skill to demonstrate in your user’s manual is the ability to
communicate clearly about your catapult in writing. The writing in each section
should be well organized and clear enough for someone unfamiliar with your team’s
catapult to understand.

You may find it interesting to consult several real user’s manuals before you begin,
but don't feel that yours needs to be just like these. Any major appliance will have a
user’s manual, as will computer software or an electronic device. Have fun thinking
about your own ways of describing your catapult.

User's Manual Table of Contents

Consult the table of contents shown below for a list of the topics you should address
in your user’s manual. Some of these topics, like the firing tips and launching graph,
have already been done. Others, like the mission statement and scientific principles of
operation, still need to be written.

Table of Contents
I. Team Mission Statement

II. System Overview
A. Parts and Materials Specifications
B. Performance Specifications

III. Operating Instructions
A. Safety Measures
B. Firing Tips
C. Launching Graph

IV. The Science in Our Catapult
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V. Appendixes (optional)

A. Similar Product Comparisons

B. Preventive Maintenance

C. Repair and Recalibration

D. Disclaimers and Warranty

Members of your team should divide up the responsibility for writing each of the
sections. Before you do so, read the suggestions below to obtain a clear idea of what

each section is about.

Suggestions for User's Manual Sections

Team Mission Statement: State the purpose for your catapult. Take into
consideration what your catapult’s capabilities are as you think about what
uses it could have. The mission statement should be a total team effort. First
brainstorm as a team, then assign the actual writing to one member.

System Overview: This section includes a sketch of your catapult with
labeled parts.

Parts and Materials Specifications: This section lists details such as size,
shape, composition, and quality of each component part.

Performance Specifications: This section is the place to describe the
capabilities of your product. What are the minimum and maximum distances
your catapult can handle? How accurate is your catapult? (Your frequency
distributions provide information about accuracy.)

Operating Instructions: This section should provide a step-by-step set of
instructions for operating your catapult.

Safety Measures: This section describes what precautions the user needs to
take when using the catapult.

Firing Tips: This section summarizes your advice (“do’s and don’ts”) to the

user. Provide as many tips as you can for helping the user get accurate and
reliable performance.
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e Launching Graph: In this section you should modify or explain how to
use your existing launching guide in the context of your catapult’s newly
determined mission (purpose or intended use).

e The Science in Our Catapult: Here you should discuss the scientific principles
involved in the operation and use of your device. Consult and include the
appropriate student activity sheets to address this topic.

e Appendixes are optional. Use them if you wish to include any of the
following additional information:

» For Product Comparisons, describe each team’s model in terms of its
strengths and weaknesses. Think of yourself as a member of a large
catapult manufacturer and your team’s catapult as one in a range of
choices for users with differing needs.

» For Preventive Maintenance, you might let the user know what kind of
ongoing maintenance you think your catapult will need to continue
performing well.

» Repair directions can address how to fix or rebuild the different parts
when they break down.

» Recalibration directions could describe how to recalibrate your catapult’s
slider system if the elastic breaks or if the user wants to change the kind
of elastic he or she is using.

» Disclaimers and Warranty addresses which parts your team as
manufacturer will be responsible for should some repair be necessary
and which parts you will not stand behind.
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The Challenge Event: Usability Testing
To demonstrate that you have met the Construct-a-Catapult design challenge, you will
put the prototype catapult you have designed and built to the ultimate test—having
someone else operate it according to your instructions. This is comparable to “usability
testing” in a real product development cycle. Similarly, you will be the user/tester of
a partner team’s unit.

Your teacher will provide details of the event structure and procedure. Ingredients
for success may include:

e aclear and accurate user’s manual
¢ simple, understandable instruction (launching tips)
e durable construction

o well-tested, precise calibration clear to any user

Notes

Use the space below to record your teacher’s detailed instructions and criteria for suc-
cess for the Challenge Event, as well as your own thoughts and reminders both before
and after the event.
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What I Now Know About Catapults

1. a. What variables are important to control for catapult accuracy?

b. What scientific principle(s) can you use to describe how the catapult you
designed and built operates?

2. What are the main features of a catapult? Make a sketch and label its parts, or
describe.

3. List current uses of catapult-like devices of which you are aware.
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COMMUNICATION

4. Describe how you went about designing and building your catapult.

5. What do the following terms mean?

force:

energy:
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Teacher Pages

Teams summarize what they have learned about their catapult by creating a user’s
manual that includes information about how to use their catapult, how it is con-
structed, its principles of operation, and performance specifications. A sample of top-
ics for students to address, along with explanatory text, is provided on the Creating a
User’s Manual activity sheet. In the Challenge Event, teams exchange catapults and
launching graphs, with associated instructions and firing tips. Each team operates
another team’s prototype. The most successful design is the one that can be used most
accurately by another team.

As a final assessment, students answer questions similar to those at the beginning
of the unit in the final Snapshot of Understanding.

Preparation
e Prepare a Challenge Event plan, location, and procedure.

e Consider offering spectator invitations, a competitive aspect, and a focus on
launching guides.

e Provide (or have students bring in) a few different examples of user’s
manuals.

e Customize the user’s manual Table of Contents to fit the time and educational
objectives for your class (or encourage students to make such decisions).

e Prepare a grading plan for your evaluation of the team and individual effort.

e Arrange for use of word processing/graphics (or CAD) computer stations
(optional).

e Arrange flexible seating to facilitate team discussions and writing (optional).
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Materials

For Each Student: For Each Team:
e Student Activity Sheets o safety glasses or goggles
» Overview: o target for the Challenge Event
Communication e word processing or graphics
» Creating a User’s Manual stations as available (optional)
» The Challenge Event:
Usability Testing
» Snapshot of
Understanding
Time Requirement

This unit can be conducted in three class sessions: one for writing the team user’s
manual (plus homework), one for the Challenge Event, and one for reflection and
final self-assessment (allow about 20 minutes for completion of the Snapshot of
Understanding).

Teaching Suggestions

Creating the User’s Manual
Discuss with your students which topics to include in their user’s manuals and sug-
gest that they develop a plan for delegating parts of the writing within their teams.
Also suggest that they take into consideration what the strengths and weaknesses
of their catapult may be compared with the catapults of other teams. This may help
them consider how to write instructions that can be used by students who are used to
another kind of catapult.

Encourage teams to test drafts of their user’s manual with people from the other
teams rather than with members of their own team. At the same time, within each
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Safety Alert!

Remind all students to
wear safety glasses or
goggles, particularly
in the launching or
landing zones.

~

J

168

team, every person should review the other members’ sections before the report is
assembled.

If time permits, include a brainstorming session for possible uses or markets for the
catapults. Examples could be delivering wastepaper to the circular file, passing cherry
tomatoes at the dinner table, or providing an automatic partner for Ping-Pong practice.

During the Challenge Event, the ability to communicate clearly in writing via a
user’s manual may prove to be more important than the design and construction of the
catapult. Remind students that whether in science or technology, clear communication
of purpose, method, and process is not only required, it is often the most important
element of success in the marketplace.

Meeting the Construct-a-Catapult Challenge

When groups have completed their user’s manuals, it is time to conduct the Challenge
Event. Arrange a system for groups to exchange catapults. To avoid advance coaching,
do not tell teams ahead of time which team gets which catapult. The target range you
select should also be unpredictable.

To choose a target distance, you may wish to examine students’ data to find a
target distance that lies between data points already measured. Alternatively, you
might select outside their data range, requiring students to interpolate or extrapolate.

Make sure that accurate data are maintained on every team’s operation of the
catapult so that fair comparisons can be made and the performance of each catapult
can be ranked.

If time permits after the Challenge Event, consider the following questions in a
class discussion:

e Which catapult had the greatest variation in data? Which characteristics of this
catapult could account for this variation?

e Which catapult demonstrated the greatest accuracy? Which characteristics of
this catapult could account for its accuracy?

e Did each team operate the catapult according to instructions? If not, were the
user operating procedures at fault, or did the team misread them?
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TEACHER PAGES

Continue the discussion in the following class period, leaving just enough time for
students to complete the Snapshot of Understanding.

Completing the Snapshot of Understanding

After students complete the final Snapshot of Understanding, provide a brief period
of time for them to compare their new answers with those on their preunit Snapshot.
(Hand the first Snapshot back at this time.) It can be very empowering for students to
see for themselves how much they have learned.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE 1 69



The material in this appendix is intended to support activities that you may choose
to add to those described in the core unit. The following pages correspond to the side
road suggestions made in each activity. Many of these are key activities, but they
have been placed in this appendix because they can fit in several different places in
Construct-a-Catapult—exactly where they are used is a matter best decided by you in
response to student questions and feedback. Some activities may be profitably used
more than once. An analysis of the design process, for example, will provide different
insights when used in the research activity than when used in the design activities.
In this appendix:

e Homework: Individual Information Search
e Inquiry Process

¢ Projectile Motion

e Design Process

¢ Additional Suggestions
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Individual Information Search

The introduction to this unit on catapults gives you a sense of the variety of forms and
uses of the machine. The pictures included show three different types of catapult: the
ballista, the onager, and the trebuchet. Select one of the three types of catapults and
perform an in-depth information search. Use the questions outlined below as a guide,
and put together a report for the class that includes illustrations, written materials, and
a list of relevant references for those who wish to explore your topic further.

I.  The history of your type of catapult:
A. For what purpose was this type of catapult used or designed?
B. Did it persist in use for the original purpose?
C. How did its uses and/or purposes change through history?
D. Are there contemporary uses of the device itself, or as part of another
machine? Give examples.

II. The design of your type of catapult:
A. Describe the original design. Use illustrations to identify parts and their
functions, and materials used.
B. Was the original design modified throughout history? How and why?
C. Has the original catapult of this type been supplanted by some other
machine? What and why?
D. Are there other machines that incorporate this device? Give examples.

III. The science and technology in your catapult:
A. What scientific principles or disciplines contributed to the design?
B. What technologies were applied to create this type of catapult?

IV. References you used and recommend:

A. Books

B. Articles

C. Films, videos
D. Websites
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Inquiry Process Evaluate

The inquiry process is often viewed as
a cycle of action that repeats until the
investigators reach a satisfying solu-
tion. It can be described with seven
basic elements:

Communicate

Explain

Identify Experiment

Identify and clarify questions.
Understand the issue or
problem, and make a testable

hypothesis. Plan Research

Plan appropriate procedures.
Brainstorm, draw and write

ideas, clarify their ideas, and

suggest possible strategies or methods.

Research major concepts. Learn what is known about the situation from sources
other than actual investigation, and obtain information from preliminary
experiments. Decide what technology, approach, equipment, and safety
precautions are useful. Document your experiments and log your data.

Experiment. Use tools and measuring devices to conduct experiments. Use
calculators and computers to store and present data.

Explain logical connections. Analyze your data. Formulate explanations using
logic and evidence, and possibly by constructing a physical, conceptual, or
mathematical model.

Evaluate alternatives. Compare your explanations to current scientific
understanding and other plausible models. Identify what needs to be revised,
and find the preferred solution.

Communicate new knowledge and methods. Communicate results of your
inquiry to your peers and others in the community. Construct a reasoned
argument through writing, drawings, and oral presentations. Respond
appropriately to critical comments.
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Questions 4
Read the following questions, but do not answer them until after your team has expe- S C
rienced working together on the design challenge research activities. I N K 5

THE WORLD’S A CLICK AWAY

1. Make your own checklist of team activities that correspond to steps in the cycle v
described on the previous page.

Topic:  scientific inquiry
Goto: www.scilinks.org
Code: CACO08

2. Create your own version of the inquiry process using words and pathways that fit
your team’s activity.

3. What shape is your inquiry pathway diagram (circle, spiral, cascade, other)?

4. How and where do the seven steps described on page 172 fit within your process
description?
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™ Projectile Motion

H|st0r|ca| Note A projectile is any object that has been launched into the air and moves freely under
The ENIAC computer only the influences of gravity and air resistance. The effect of gravity is a constant
was created in the downward acceleration from the moment of launching, usually specified with the
mid-1940s, using value g = 9.81 m/s? The effect of air resistance is often relatively small and may be

approximately 18,000
vacuum tubes, at a
cost of $500,000 for

difficult to predict as a combination of object surface drag, air speed, and direction.

military purposes such launch Angle Eﬁ%t
as calculating ballistic The angle of launch (®) is significant because angles above the horizontal add an
trajectories.

) upward component of velocity against the acceleration of gravity, increasing the time

of flight (but not necessarily the horizontal distance traveled) before landing. A typical
two-dimensional graph of projectile motion (here using ® = 45°and v, [initial velocity]
=5m/s) is a parabola:

y = xtan 45 — 9.81 X2
2 x 52cos? 45

On the graph above, superimpose sketches of the trajectory curves you would
expect for similar projectiles launched with equal force, but at angles of 60° and 30°.
At what launch angle(s) do you expect to obtain (a) greatest horizontal distance and
(b) greatest vertical height?

174 NATIONAL SCIENCE TEACHERS ASSOCIATION



Air Resistance Effect
When precise prediction is not required, air resistance is often not calculated. In the
Construct-a-Catapult design challenge, air resistance is an important factor in the
behavior of practice golf balls used as projectiles. A key design criterion for practice
golf balls is to limit the distance of travel without skewing direction. This perfor-
mance characteristic is useful for the scale of construction and testing possible within
the classroom.

Research air resistance effects on projectiles and list the factors you discover in the
space below. Seek formulas for mathematical expression of air resistance and describe
how to experimentally quantify a “damping coefficient” for your projectile.

Initial Velocity Effect

Refer to your launching graph and use your prior knowledge about Newton’s second
law of motion (F = ma) and your findings about air resistance to explain any changes
observed in the relationship between applied force and distance at increasing velocities.
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Topic:
Go to:
Code:

Topic:
Go to:
Code:

Topic:
Go to:
Code:

Topic:
Go to:
Code:

Topic:
Go to:
Code:

v

force
www.scilinks.org
CACO1

energy
www.scilinks.org
CACO02

elasticity
www.scilinks.org
CACO03

gravity
www.scilinks.org
CACO05

friction
www.scilinks.org
CACO09
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Design Process Evaluate

The design process is often viewed as

. ) Communicate
a cycle of action that repeats until the
designers reach a satisfying solution. Implement
It can be described with seven basic

elements: identify, create, investigate,

Identify Choose

choose, implement, evaluate, and
communicate.

e Identify and clarify the

situation. Understand Create Investigate
the challenge or problem,
including the criteria for
success and constraints on the

design.

e Create solutions. Brainstorm, draw and write ideas, and suggest possible
strategies or methods.

o [nvestigate possibilities. Learn what is known about the situation, and what
technology or approach could be useful. Conduct experiments to test your
ideas.

e Choose a solution. List the solutions most likely to be successful, and make
decisions for how well each solution meets the design challenge or solves the
problem.

o Implement the design. Learn that a successful design often depends on good
fabrication, whether it is a scaled or life-size version of the product.

e Evaluate the design. Perform tests to obtain the feedback that informs them
about the parts of the design that worked or needed improvement.

o Communicate the solution. Present your designs to your peers and others in
the community, communicating your ideas through drawings, writing, formal
presentations, informal discussions.
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SIDE ROADS

Questions

After reading about the design process, answer the following questions:

1. Which elements of the process have you already experienced?

2. Which elements have you not yet experienced?

3. Where in the process do you think you are now?

4. What will your next steps be?
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Additional Suggestions
If you are comfortable with calculus, you may want to point out that energy is calcu-
lated by the area under a force versus stretch graph. In the case of Hooke’s law, the
graph will be a straight line of slope k. The area under the graph will be a triangle, and
the equation E = (Y2)kS* is the area of a triangle of base S and height kS.

You should be well prepared for the likelihood that students will have lots of ques-
tions, such as “What triangle produces (¥2)mv*?”
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Text Reconstruction
Exercises

Force

The paragraphs below describe how the concept of force can help you better under-
stand the workings of your catapult. To prevent this information from falling into the
wrong hands, the order of the sentences in each paragraph has been jumbled. Your
task is to rearrange the sentences in their correct order.

__The reason it is difficult is that it is similar but not entirely the same as the
concept we use in everyday speech.

_1 The concept of force as it is used in physics is both simple and, at the same
time, very difficult to understand.

__The best advice we can give is to look for these differences.

__ Gradually you will gain enough experience to understand the physics way
of talking.

_2 His second law, F = ma, states that forces affect not the speed of an object

but rather the rate of change of speed.

__Isaac Newton became famous by discovering how force was related to
motion.

___ A constant force will make an object go faster and faster and faster ....

__ There are two kinds of force you need to know how to calculate for
designing a catapult.

___The second force is gravity.

_4 It is given by the equation F = mg, where g is the acceleration of gravity
(on the surface of the Earth that is 9.8 meters/[second]?)and m is the mass
being pulled by gravity.

__The force of pull of a stretched rubber band is given by Hooke’s law: F =
kS, where S is the amount of stretch of the rubber band.
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Elasticity

The paragraphs below describe how the concept of elasticity can help you better
understand the workings of your catapult. To prevent this information from falling
into the wrong hands, the order of the sentences in each paragraph has been jumbled.
Your task is to rearrange the sentences in their correct order.

___There are deformations beyond which there is no return.

___Arubber ball is a good example of a highly elastic object; a windowpane is
a good example of a less elastic object.

_2 Everything is elastic to some extent, but every object also has limits.

___ The elastic property of matter is its ability to deform under forces and to
return to its original shape when the forces are removed.

___You push twice as hard and you will get twice the deformation.

___In this case, the idea that force (F) is proportional to stretch (S) can be
expressed as F = kS.

_3 This is most easily seen in a rubber band, which will stretch some amount
for 1 unit of force and twice as far for 2 units of force.

__ Hooke’s law states that the region of elasticity is governed by a rule in
which the amount of deformation is proportional to the applied force.

___ When two variables are directly proportional, they always follow one very
simple mathematical equation of the form A = kB.
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TEXT RECONSTRUCTION EXERCISES

Energy

The paragraphs below describe how the concept of energy can help you better
understand the workings of your catapult. To prevent this information from falling
into the wrong hands, the order of the sentences in each paragraph has been jumbled.
Your task is to rearrange the sentences in their correct order.

_4 As long as the catapult is cocked, this energy remains hidden in the elastic m
(physicists call this hidden energy “potential”).

In this equation, E stands for energy, k the elastic constant (different for each
rubber band), and S is the amount of stretch.

The energy stored in an elastic medium (a rubber band in our case) can be
calculated from the formula E = (Y4)kS>

When you fire a spring-loaded catapult, you convert elastic potential energy to
kinetic energy.
If we assume all the energy goes into the projectile, we can equate the two energy m
equations and write: (Y2)mv2 = (¥2) kS2.
5 In this equation, E stands for energy, m for mass, and v for velocity.
After the catapult fires, the energy appears in the projectile as “kinetic” energy.
Some energy disappears in friction and recoil, but we usually ignore these factors.

___ The kinetic energy of any moving object can be calculated from the equation E =
(Yo)ymv2.

__ The catapult in which friction and recoil can realistically be ignored is called an
ideal catapult.
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Text Reconstruction Key

The paragraphs below show the correct order of sentences for each text reconstruction

exercise. When you hand out the initial homework assignment, ask students to number

the sentences in each paragraph so as to put them in the correct order. It is also highly

beneficial to ask students to rewrite the paragraphs once they have determined the

correct order.

Force

Paragraph 1

1. The concept of force as it is used in physics is both simple and, at the same
time, very difficult to understand.

2. The reason it is difficult is that it is similar but not entirely the same as the
concept we use in everyday speech.

3. The best advice we can give is to look for these differences.

4. Gradually you will gain enough experience to understand the physics way of
talking.

Paragraph 2

1. Isaac Newton became famous by discovering how force was related to
motion.

2. His second law, F = ma, states that forces affect not the speed of an object but
rather the rate of change of speed.

3. A constant force will make an object go faster and faster and faster ....

Paragraph 3

1. There are two kinds of force you need to know how to calculate for designing
a catapult.

2. The force of pull of a stretched rubber band is given by Hooke’s law: F = kS,
where S is the amount of stretch of the rubber band.

3. The second force is gravity.

4. Itis given by the equation F = mg, where g is the acceleration of gravity (on
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TEXT RECONSTRUCTION EXERCISES

the surface of the Earth that is 9.8 meters/[second]?)and m is the mass being
pulled by gravity.

Elasticity
Paragraph 1

1. The elastic property of matter is its ability to deform under forces and to
return to its original shape when the forces are removed.
2. Everything is elastic to some extent, but every object also has limits.

@

There are deformations beyond which there is no return.
4. Arubber ball is a good example of a highly elastic object; a windowpane is a
good example of a less elastic object.

Paragraph 2

1. Hooke’s law states that the region of elasticity is governed by a rule in which
the amount of deformation is proportional to the applied force.

2. You push twice as hard and you will get twice the deformation.

3. This is most easily seen in a rubber band, which will stretch some amount for
1 unit of force and twice as far for 2 units of force.

4. When two variables are directly proportional, they always follow one very
simple mathematical equation of the form A = kB.

5. In this case, the idea that force (F) is proportional to stretch (S) can be
expressed as F = kS.
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Energy

Paragraph 1

1. When you fire a spring-loaded catapult, you convert elastic potential energy
to kinetic energy.

2. The energy stored in an elastic medium (a rubber band in our case) can be
calculated from the formula E = (42)kS>.

3. In this equation, E stands for energy, k the elastic constant (different for each
rubber band), and S is the amount of stretch.

4. Aslong as the catapult is cocked, this energy remains hidden in the elastic
(physicists call this hidden energy “potential”).

Paragraph 2

1. After the catapult fires, the energy appears in the projectile as “kinetic”
energy.

2. Some energy disappears in friction and recoil, but we usually ignore these
factors.

3. The catapult in which friction and recoil can realistically be ignored is called
an ideal catapult.

4. The kinetic energy of any moving object can be calculated from the equation
E = (Y%)mv>.

5. In this equation, E stands for energy, m for mass, and v for velocity.

6. If we assume all the energy goes into the projectile, we can equate the two

energy equations and write: (Y2)mv* = (Y%2)kS%
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Sample Answers

Identifying Variables

Parts of the Catapult System

Variable Range of Variation

Example: Angle of the . . . .
copult Flat, between O0° and 45°, between 45° and 90

Stretch of elastic A little —really breaks

Constrain projectile to center
of run

User Operating Procedures

Variable

No adjustment available

Range of Variation

Example: How yow position
the rubber band

low on the naily

How you let go

Slowly—quickly

Even out pull of left and right
elastic

No alignment—careful alignment

Beyond The Quick-Build

Most Significant Variables

Amount of pull on elastic

Suggested Modifications

Need repeatable scale

Even lift and right pull of elastic

Design for automatic connection

Angle of launch

Variable and accurate settings

Release of projectile

Design trigger release
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Activity 3, p. 127

Activity 3, pp. 129-132

186

Investigating Elasticity

Experimenting With Stretch
Band A: about 3” long; wide, stiff, short stretch
Band B: about 4” long; narrow, long stretch

Questions 5-10

5.

a.

b.

Describe what you noticed about the points plotted for each rubber band.
Same amount of stretch for each weight added

Could a straight line include all or most of your data for each rubber band?
Explain.
Straight line fits most data, but not data near the end

Use your graph to predict the distance of stretch for masses smaller and larger

than those you used.

a.

How accurate do you think these predictions will be? Explain.
In the middle of the range, the data will be accurate; at the end, not so good.

Pick a mass between that of two you used. For example, if you had used 45 g
and 60 g in your calibration, choose a mass in between—perhaps 55 g. Figure
out the length of the stretch corresponding to this applied mass.

Band A: 0.2 kg is 0.4”; 0.3 kg is 0.6”; 0.25 kg will be 0.5”

What do you think happens in the case of very large applied masses?
Explain.

Band breaks. Band is only so strong.

Try to express the relationship between mass and distance as a formula.
For Band A, stretch = 2 x weight
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8. Hooke’s law states that the stretch is proportional to the mass you applied. The
region in which a material—in this case the rubber band—obeys Hooke’s law is
called the elastic limit of the material.

a. What does your graph tell you about the elasticity of your rubber bands?
Limit is near 0.5 kg; after that, stretch 2 x wt.

9. a. Plotboth lines from the graphs you made in question 4 on the same set of
coordinates.

Mass

Distance

b. Compare the two lines and explain similarities and differences between
them. Be sure to compare them with regard to their conformity to
expectations from Hooke’s law.

B stretches more than A

c.  What do you think the area under your plotted lines represents?
Something to do with how hard you pull. (Note: Units are weight times distance.
Force x distance = work; hence, units are units of energy.)

10. How could this exercise help you design your mechanical launching system?
Can build scale to show how hard you have pulled on the rubber band.
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Beyond the Quick-Build: Second Pass

Most Significant Variables Suggested Modifications

Lack of even left-right pull Center projectile on rubber band
Projectile veers left or right Make groove on track
Angle shifts at firing Build solid system for launch angle control

Team Feedback

Slider is sloppy Redesign

Pedestal not rigid Redesign

Screws bend Tighten or design better attachment for
rubber band
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ballista: a stone-thrower catapult usu-
ally using a crossbow design

best-fit line: a smooth line drawn
through the scatter of data points plot-
ted on a graph leaving as many points
below the line as above

brainstorming: a group problem-solving
technique that involves the spontaneous
contribution of ideas from all members
of the group

calibration: determining a measure-
ment scale or aligning a device with a
measurement scale

catapult: a device used to throw things

dynamics: a branch of physics related to
the effects of forces

elastic limit: the maximum stretch that
can be applied before the stretch no lon-
ger obeys Hooke’s law (usually damage
is done to the elastic when it is stretched
beyond this limit).

elasticity: the property that allows an
object to stretch and return to its origi-
nal length

Glossary

energy transfer: the movement of energy
from one place to another or from one
form to another

forces: pushes and pulls

frequency distribution: a tabulation of
the number of times events happen

iterative processes: processes that are
repeated over and over; usually gradu-
ally approaching some goal

kinematics: a branch of physics related
to motion

milestones: key markers along some
process that provide a rough measure of
progress toward some goal

onager: a type of catapult similar in
design to that of the common mouse-
trap, in which a projectile is held in a

rope sling to give it extra thrust

optimization: the process of discovering
optimal conditions

optimize: to design for best results

pawl: a toothed wheel used in a ratchet
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portfolio: a collection of products or
designs

prototype: an original model; first full-
scale and (usually) functional form of a
new type of construction

ratchet: a device that allows an axle to
rotate in one direction but not another;
usually involves a saw-toothed wheel
and a spring lever that catches the teeth
so as to prevent backward rotation

siege: a tactic used in warfare where the
enemy is surrounded and cut off from
sources of supply and support

sinew: fibrous material that can be
twisted or stretched

specifications: the precise details of an
invention, plan, or proposal

spring constant: the constant in Hooke’s
law that relates the amount of stretch to

the amount of force

tension: a force pulling or stretching a
body

torsion: a force twisting a body

trebuchet, trebouchet: a catapult that
works like an unbalanced seesaw

variable: an object or quality of change-
able value
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Introduction

Integrating Science and
Technology

Construct-a-Glove is aligned with the National
Science Education Standards for process and con-
tent standards in both physical science and biol-
ogy, as shown in the Standards and Benchmarks
Connections table later in this section. Through
inquiry and design, students develop concep-
tual understanding of heat energy transfer, cell
metabolism, and thermal regulation. Because
design activities motivate inquiry and inquiry
informs design, students engage in the iterative
processes of scientific inquiry and technological
design through a variety of hands-on activities.

Schedule

The minimum time needed to complete the core
unit is about 12 class sessions. More time will be
needed if you choose to include the enrichment
activities.

In Construct-a-Glove, students are given
the Design Brief challenge and instructions for
making a quick-build insulated glove (about
three class sessions). During the research and
development phases (a minimum of seven class
sessions), students identify relevant factors and
variables, design and conduct experiments,
and contribute to a product development team.
They develop a physical model of their design,
test, measure, analyze their data, and redesign
if necessary. Students search for combina-
tions and configurations of materials that can

improve the performance of their prototype
glove. Teams critique each other’s prototypes
and learn to build on the experience and
insights of other groups. In the Communication
activity (two class sessions), the team composes
a product prospectus.

Key Ideas

Each key science idea used in Construct-a-Glove
is covered in a text reconstruction exercise
in Appendix B (p. 265). The first exercise, on
homeothermic processes, involves a very simple
reconstruction and is intended as an introduction
to text reconstruction.

Homeothermic Process (Maintaining a Constant
Internal Body Temperature)

The measured and perceived warmth of a hand
is related to its direct connection to the body’s
heat engine and the hand’s relatively large ratio
of surface area to volume. Variables that add com-
plexity to an insulated glove system design relate
to the multiple functions of the hand: an append-
age for body cooling, environmental sensing, and
manipulating objects.

Heat Energy Transfer Processes, Insulation
Materials, and Dexterity

Student teams measure temperature change
over time as a gloved hand is exposed to cold.
Properties of various materials are explored for
their effect on hand warmth and dexterity.
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Inquiry and Design

Experiments are designed by students to supple-
ment “fair test” comparisons of several manufac-
tured gloves. Students conduct “hands-in” research
to determine combinations of glove materials that
balance thermal effectiveness with dexterity for a
specific function. Working in development teams
to design and construct an insulated glove system
prototype, students present their research and
development effort in a product prospectus.

Student Portfolios

The following items can be accumulated in port-
folios for summative assessment:

e Pretest: Snapshot of Understanding
¢ Initial questions: Design Brief
¢ Individual information search

¢ Brainstorming record: Identifying Factors
and Variables

Problem statements: Team Situation
Analysis

Research and results: Investigating Heat
Transfer and Insulation; “Fair Test”
Comparison

Group process description: Inquiry
Process and Design Process

Development Assignment
Team Feedback

Evaluation of prototype: Reflections on
Design

Group summary documentation: Creating
a Product Prospectus

Posttest and self-assessment: Snapshot of
Understanding
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Standards and Benchmarks Connections

Science Content Standard; Unifying Concept: Constancy, Change, and Measurement;
Technological Design; Linkages

Students build to specifications and observe and measure thermal performance of a simple AAAS 9-12,
insulated glove system. NSES 9-12,
Standard/Benchmark: Materials and Manufacturing; Systems; Manipulation and NSES K-12
Observation; Physical Science Content; Life Science Content; Unifying Concept: Evidence,

Models, and Explanation

Students conduct independent information searches in context of contemporary human AAAS 9-12,
inventiveness. ITEA 9-12,
Standard/Benchmark: Issues in Technology; Nature and History of Technology Science, NCSS Vi
Technology, and Society

Students describe variation and identify variables and corresponding potential controls for AAAS 9-12,
improving design to meet performance goals. ITEA 9-12,
Standard/Benchmark: Systems; Manipulation and Observation; Technological Design; NSES K-12
Unifying Concept: Evidence, Models, and Explanation

Students use elements of inquiry, investigating heat transfer and insulation, to inform AAAS 9-12,
design. ITEA 9-12,
Standard/Benchmark: Scientific Inquiry; Design and Systems; Inquiry; Technological NSES 9-12
Design; Utilizing and Managing Technological Systems

Students use “fair test” comparisons to quantify relative handwear performance parameters. AAAS 9-12,
Standard/Benchmark: Critical-Response Skills; Physical Science Content Standard; Life ITEA 9-12,

NSES 9-12 and
K-12

Students conduct research on human homeothermic regulation and hand function as input
to glove system design.

Standard/Benchmark: Basic Functions; Life Science Content Standard; Unifying Concept:
Form and Function

AAAS 9-12,
NSES 9-12 and
K-12

evaluating consequences.

Standard/Benchmark: Technological Concepts and Principles; Technological Design;
Developing and Producing Technological Systems; Systems Operation and Feedback;
Abilities of Technological Design; Unifying Concept: Systems, Order, and Organization

Students communicate orally and in writing their interpretation of this investigation and what AAAS 9-12,
variables to control in design development. ITEA 9-12,
Standard/Benchmark: Scientific Inquiry; Technological Design; Math as Communication; NCTM I
Statistics

Students apply abilities of iterative technological design, including brainstorming, research, AAAS 9-12,
ideation, choosing among alternative solutions, development, implementation, and ITEA 9-12,

NSES 9-12 and
K-12
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Students use tools and processes to construct and modify working models. ITEA 9-12
Standard/Benchmark: Developing and Producing Technological Systems

Students collect, represent, and statistically process test data to improve design prototype. AAAS 9-12,
Standard/Benchmark: Manipulation and Observation; Utilizing and Managing ITEA 9-12,
Technological Systems Statistics NCTM X

Students create detailed product specifications and manufacturing instructions for their final AAAS 9-12,
design. NCTM II
Standard/Benchmark: Design and Systems; Manipulation and Observation; Math as
Communication

Students communicate quantitatively the technical construction specifications and AAAS 9-12,
performance characteristics for their prototype in a product prospectus. ITEA 9-12,
Standard/Benchmark: Communication Skills; Design and Systems; Technological Design; NCTM I
Math as Communication

Students articulate principles of biological and physical science used in glove system AAAS 9-12,
design. ITEA 9-12,
Standard/Benchmark: Critical-Response Skills; Science and Technology; Technological NSES 9-12
Design Linkages

Students self-assess their learning by comparing pre- and post-Snapshots of AAAS 9-12,
Understanding. NCSS Vi

Standard/Benchmark: Issues in Technology; Science, Technology, and Society

Source Key:
AAAS = American Association for the Advancement of Science. 1993. Project 2061: Benchmarks for science literacy. New York:

Oxford University Press.

International Technology Education Association. 1996. Technology for all Americans: A rationale and structure for the

study of technology. Reston, VA: ITEA.

NCSS = Task Force on Social Studies Teacher Education Standards. 1997. National standards for social studies teachers.
Washington, DC: National Council for the Social Studies.

NCTM = National Council for Teachers of Mathematics. 1991. Professional standards for teaching mathematics. Reston, VA:
NCTM.

NSES = National Research Council. 1996. National science education standards. Washington, DC: National Academies Press.

ITEA
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Course Outline

Introduction ¢ Investigating Heat Transfer and Insulation
¢ Overview: Insulated Glove Design Brief e “Fair Test” Comparison
¢ Snapshot of Understanding
Development
Quick-Build ¢ Overview: Development
e Overview: Quick-Build Insulated Glove ¢ Development Assignment
¢ Identifying Factors and Variables e Team Feedback
e Team Situation Analysis: Reflections on o Reflections on Design
Your Quick-Build
Communication
Research ¢ Overview: Communication
¢ Overview: Research ¢ Creating a Product Prospectus
» Team Assignment ¢ Snapshot of Understanding

» Individual Research Report
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Insulated Glove Design Brief

In this activity you will be researching, designing, building, and improving an insu-
lated glove system. You will use both technological design and scientific inquiry as
processes to investigate and improve the performance of your prototype.

Design Challenge

As a member of a product research and development team, design an insulated glove
system that keeps the tip of your index finger as warm as possible in uncomfortably
cold surroundings, while maintaining dexterity for a specific function.

Scope of Work

e Quick-Build: Build and test an initial glove design according to instructions,
and identify variables you can control to create an improved insulated glove.

e Research: Investigate heat transfer and insulation, and conduct a “fair test”
comparison.

o Development: Specify function, redesign, build, and test; collect data and
analyze patterns of results; then finalize your prototype for critical review.

o Communication: Present a product prospectus that summarizes your team’s
final design, including documentation such as sketches, data, specifications,
and limitations.
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What I Already Know About Homeothermy, Heat

Transfer, and Research and Development

The unit of study you are about to begin will challenge you to design, build, and
performance test a prototype model of an insulated glove. To meet the performance
specifications, you will have to investigate heat transfer physics, biological tempera-
ture regulation, and insulative effectiveness of materials and configurations. Before
you begin, record a sample of what you already know by answering the questions
below. This is not a test; rather it is a series of questions that ask about your current
knowledge of key ideas in this unit. At the end of the unit, you will answer similar
questions and compare what you have learned.

1. What are the parts of the hand?

a. What are the functions of a hand (e.g., sensing, temperature regulation,
manipulation)?

b. Make a sketch of a hand and label the important parts and functions.
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° 7\ 2 Listas many special-purpose kinds of gloves as you can. Place a “T” by those specifi-
5 C cally designed to provide thermal protection. For example, a welding glove is designed
I N K 5 to provide thermal protection so you would put a “T” next to “welding” in the list.

THE WORLD’S A CLICK AWAY
v

Topic:  heat transfer
Goto: www.scilinks.org
Code: CAGO1

Topic:  radiation
Goto: www.scilinks.org
Code: CAGO02

3. Think of a time when your hands were really cold. What were you trying to do?
Topic:  conduction/

convection
Goto: www.scilinks.org
Code: CAGO3

/ How did you warm them?

Which heat transfer process did you use? (e.g., radiation, conduction, convection)
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INSULATED GLOVE DESIGN BRIEF

4. What test(s) could you perform to determine if an animal is “warm-blooded”
(homeothermic) or “cold-blooded” (poikilothermic)?

5. To maintain your relatively constant body temperature of 36°C, what does your
body do automatically?

What are some things you do purposefully to make yourself warmer or cooler?

6. What are temperature and heat, and how are they related?
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Teacher Pages

Give students the Insulated Glove Design Brief and the Snapshot of Understanding.
Initiate class discussion and highlight important design issues. In the Snapshot of
Understanding, students write short answers to questions about their prior knowledge
of heat transfer, body temperature regulation, and research and design processes.

Preparation

Read and become familiar with the entire unit.

Photocopy student activity sheets for distribution.

¢ Prepare an introduction to motivate student interest.

Define your assessment system with a clear, simple description.

Materials
e Student Activity Sheets
» Course Outline
» Overview: Insulated Glove Design Brief
» Snapshot of Understanding

e Ring, Pocket, or Folio Binder (student supplied; for keeping student activity
sheets, notes, and drawings for reference and portfolio assessment)

Time Requirement
This activity requires one class session. Completing the Snapshot of Understanding
takes about 20 minutes.
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Teaching Suggestions

Introduction

Hand out the Insulated Glove Design Brief student activity sheet. Ask students to keep
these and future sheets together and to bring them to the classroom with other notes to
serve as a record and reference for daily activity (and assessment) in the unit. Advise
students that they will work in teams, using processes of technological design and
scientific inquiry, and that other teams will critique their prototype with respect to the
challenge criteria.

Students are also required to document their activity in order to contribute
effectively to the final team presentation and enhance their individual portfolios. Be
clear on your rubrics for assessing their work and share them with students. Indicate
which activities will be individually graded and which will be given a team score. Be
prepared to justify team scoring if some students (or parents) are not used to the idea.

Issuing the Construct-a-Glove Challenge

We encourage you to expand the challenge to accomplish additional learning objec-
tives, but be careful to think through what will be involved. For example, a criterion
of dexterity (such as the ability to pick up a marble with the insulated glove system)
might be added to enrich the challenge if robotics or finger function is pertinent to
your course objectives. But this addition will demand more sophisticated technical
materials, involve greater construction difficulties, and require more student time.

Here are some other possible criteria for this challenge:

¢ Let students specify the dexterity they have achieved after the fact, in their
product prospectus.

¢ Let teams choose to design for one of several simulated bid invitations. You
will need to prepare the bid request document (be sure to include dexterity
task specifications).

* Set one uniform standard for all teams to achieve with the gloved hand
immediately following a standardized immersion time in ice water. Example
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tasks include picking up a pencil off a flat surface, operating a camera, using
pliers, holding a nail for hammering, tuning a radio, opening a keyed lock,
and placing a nut on a bolt.

e Set a theme such as survival in snow country. If you use this theme or a similar
outdoors survival theme, orient the challenge toward natural insulation
materials such as leaves and grasses that can be gathered outdoors, and
specify necessary hand functions such as gathering firewood and signaling
for help. (Define or supply the range of options so as not to damage the local
environment.)

Preassessment

Hand out the Snapshot of Understanding. Emphasize thatitis nota test and that students
will not be graded on this activity. The purpose of the Snapshot is self-diagnostic—to
find out what students know initially about the key science and technology learning
objectives of Construct-a-Glove.

An inventory of students’ prior knowledge is an important teaching and learning
tool. Not only does the inventory help guide students toward the concepts they need
to learn the most, but it also prepares them to accept new information in a manner
that ties meaningfully to what they already know. At the end of Construct-a-Glove,
students will be able to compare answers to Snapshot questions given at the beginning
of the unit with those they will answer at the end of the unit.

In the Snapshot of Understanding, students list as many special-purpose gloves
as they can, given one example (welding). Here are some additional examples: food
handling, meat cutting, dish washing, staining/painting/waxing, gardening, wood
cutting, handling chemicals, working on electrical lines, firefighting, driving, traffic
directing, fashion, surgery, cattle roping, archery, baseball, boxing, diving, golf-
ing, hockey, hunting, ice fishing, mountain biking, mountain climbing, skiing, and
spacewalking.

Encourage a class discussion of differences among special-purpose gloves; this can
help students better relate form to function.
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Quick-Build Insulated Glove

Your body, like a home in cold climates, has a complex heating system optimized
to maintain an internal temperature typically well above that of its surroundings.
Chemical digestion of food can be compared to combustion of fuel in a furnace. Your
circulatory system pipes heat to all parts of your body;, just as air ducts or pipe loops
do in the home. Just as some parts of your home feel warmer or cooler than others,
temperatures at different locations in and on your body can vary within a range of
comfort or concern. Your body’s many biological sensors can reduce and redirect heat,
and even activate evaporative cooling (sweating). Similarly, zoned thermostats control
home heating and cooling by on/off switching or speed control of fans and dampers,
or pumps and valves. Rooms, or hands, that are too cool can be warmed by either
adding heat or reducing heat loss with insulation.

Work in teams of three to do the following experiments concerning thermal energy,
heating, cooling, and insulation. Each individual should record independent notes
and answers as well as the shared team data. These will be used later for portfolio
assessment.

1. Decide which one of your team’s available hands will be gloved and tested.
Record in your notebook the factors you took into consideration when deciding
which team member’s hand you chose (e.g., volume-to-surface ratio, warmth to
touch, rings, nail length) and the reasoning you used.

a. Trace the chosen team member’s hand on a sheet of paper.
b. Mark points 1, 2, and 3 (as in the diagram on p. 208) and select two
additional points 4 and 5.

2. Predict where you think the coolest and warmest temperatures will occur. Label
these points C and W.

3. Measure and record the temperature of each of the five numbered points. Take or
express your readings in degrees Celsius. Describe in your notebook any difficul-
ties you had in measuring or uncertainties you have about your data.
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Lightly tape the temperature sensor to the test hand at a location relevant to the
design challenge (see, for example, the diagram below), and insert the test hand
into one of the smaller and tightest-fitting disposable gloves provided. Immerse
the gloved hand in ice water, being careful not to allow water inside the glove.
Record temperature changes over a four-minute period.

Summary of baseline findings:

Remove the gloved hand from the water and towel dry the outside of the glove.
Apply a layer of insulation and/or spacer materials (your choice) to the outside
of the gloved hand and carefully insert into a second, larger glove. Be sure to
consider the issue of dexterity and the need to remove the inner glove intact.

Immerse the double-gloved hand in ice water, again being careful not to allow
water inside the glove. Take new temperature readings over time and compare
with your baseline data. Remove your quick-build glove carefully.

insulation dishwashing

temperature probe material glove

taped to base of latex glove
index finger
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QUICK-BUILD INSULATED GLOVE

Identifying Factors and Variables

Reflect on the quick-build experience and identify the factors and variables that you
think are important to meeting the design challenge. Classify the variables into two
categories: those related to the glove system itself and those more associated with the
user. Indicate the range of variation expected, quantitatively (numerically) or qualita-
tively (characteristically). Then list the corresponding design factors, constraints, or
concerns you can anticipate. Be prepared to contribute your ideas as input to your
class or team for the next research and development stage of your work.

Glove System Variables Range of Variation

Example: Covwectiow seal at wrist v:wseal/ loose tight

User-Related Variables Range of Variation

Example: Stowting state < >
of uwser’s hands chiled: normalr  hot & sweaty

Design Factors Constraints
Example: Wrist seal pressure Prevent covwection without
constricting blood circulation
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Team Situation Analysis: Reflections on Your
Quick-Build

From a compilation of design factors and system variables, work as a team to select the
key parameters you and other members agree to research. Assign each parameter to a
team member who will be responsible for that aspect of the improved performance of

your insulated glove. Record your selected variables, along with corresponding notes
for modifying the quick-build, in the table below.

Most Significant Variables Suggested Modifications
Example: Direct heat lossy Slow heat flow withv move
through conduction layers of insulation
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Teacher Pages

In a single, fast-paced class session students work in groups of three, following instruc-
tions to construct a quick-build insulated glove. They use an ice water bath to create
a temperature gradient for rapid baseline and quick-build testing. They record data
on hand temperature change over time, and make notes for improved experimental
and product design. Homework and class discussion following the quick-build should
stress identification of key variables.

Quick-Build

The activity is divided into six steps:

1. Selecting location of data points on the hand

2. Predicting relative outcomes of temperature readings at the selected points

3. Measuring the temperature of the index finger under normal, room-temperature
conditions

4. Taking a baseline temperature measurement of the index finger immersed in an
ice water bath

5. Designing and constructing the quick-build glove

6. Measuring the temperature of the index finger immersed in ice water but
protected by the quick-build glove

|dentifying Variables

As homework, students individually reflect on their quick-build experience and create
a list of factors and variables to be considered. In the following class, these ideas are
compiled into one list and then pared down to a key set via a class discussion. In sup-
port of this assignment, you may add context reading (as homework) where students
read one or more illustrated industry handwear product descriptions from clothing or
equipment catalogs (see p. 250 in Appendix A for an example). Potential contexts may
span a full range of specialized student interests, from synthetic textile manufacturing
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to Arctic exploration to ski slope fashion. This will quickly broaden their awareness of

design considerations and help them acquire a common vocabulary for discussions

and further research.

Team Situation Analysis

Student product development teams analyze the class compilation, reflect on the

factors and variables deemed most significant to meeting the challenge, and select

agreed-upon areas to research.

Preparation

212

Obtain quick-build construction and testing materials.

Tailor quick-build instructions or assembly drawing to materials obtained.
Reproduce, if desired.

Preview library and internet resource information.

Consider noise, safety, access to water, and cleanup in choice of location for
the hands-on quick-build exercise.

Designate and arrange assembly and testing areas for the quick-build.
Organize materials for orderly access.

Determine student team size (groups of three work well) and formation
strategy.

Contact related career representatives in science, manufacturing, history, social
science, fashion, sports, and other fields for establishing context and relevance.
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Materials
For Each Student:

e Student Activity Sheets

» Overview: Quick-Build Insulated Glove

v

» Identifying Factors and Variables

» Team Situation Analysis: Reflections on Your Quick-Build
» Homework: Individual Information Search (optional)

» Sample Industry Handwear Description (optional)

» Thermal Factoids (optional)

For Each Team:

quick-build construction and testing materials, including scissors, staplers,
adhesives, and tape

digital thermometer, computer-linked temperature probe, or indoor/outdoor
cable thermometer

three to five disposable painter’s, food service, cleaning, or surgical-type
gloves in a range of sizes

one cotton and one wool glove (or similar assortment) for layering

scraps of fabrics and materials (cotton, wool, papers, foils, bubble wrap, foam
sheet, yarn, straw, vermiculite, drinking straws, etc.) for extra insulation

ice water
containers
sponges
towels

digital camera or video for recording team processes and design evolution
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Safety Alert!

Be alert to safety
during all tool and
adhesive use sessions.
If using latex gloves,
provide the opportunity
for any student to avoid
exposure if they have
a known latex allergy,
and inform others of
symptoms to watch for,
including local swelling,
hives, or rash. Severe
reactions are rare and
are almost always
preceded by repeated
minor reactions of
gradually increased
severity.

Students who
have had previous
cold injuries such
as frostbite on their
hands may have
damaged capillary
fields, which could
both affect thermal
reaction and cause
return of discomfort to
the student.

/
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Time Requirement

This activity requires two class sessions: one to build and test the quick-build insulated
glove and one to discuss variables and (if time allows) experiment with some trial-
and-error modifications.

Teaching Suggestions
Day1
Building, Testing, and Sketching the Quick-Build

This needs to be a fast-paced action class—a dramatic break from the reflective mood
of the introduction. Allow students one class session to work in teams to build and test
a quick-build insulated glove. Customize directions to the specific materials you are
providing.

Arrange the common tools and supplies, such as scissors, staplers, adhesives, and
tape, so that all students have easy access to them. Students may need reminders or a
demonstration of safe and effective use. Intervention by you at critical junctures may
also be required to ensure safety throughout the exercise.

Before the end of class, each student should make a rough sketch of his or her
group’s quick-build; for homework they should fully label each part. If appropriate
for your class, you might recommend that manual drafting, computer-aided design
(CAD), anatomical sketching, or another technical illustration process be used for later
inclusion in the team report and individual portfolios.
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Procedural Notes

Students should start with the small gloves (and possibly the smallest hand),
so that the larger glove(s) can be pulled on as outer layer(s) over any applied
spacing and insulation materials.

Each student team should resolve how to deal with rings and long fingernails
and should present their rationale in answer to the question about hand
selection on the Quick-Build Insulated Glove activity sheet.

Taping the temperature probe to the pad of the index finger before hand
insertion in the glove is recommended to ensure consistent skin contact; care
must be taken not to use a tight wrap that constricts circulation, or an amount
or type of tape that provides significant insulation.

Most thermal gloves are not designed to be waterproof; use of the ice water
bath is, however, the most convenient situation for rapid testing. A very thin
disposable glove can be used as the outer waterproof layer to keep inner
layers dry.

A few students who maintain careful and continuous temperature change
observations may see homeothermic feedback response (cold-induced
vasodilatation). In this case, hand temperature rises after initial cooling.

When a hand or foot is cooled to 15°C, blood vessels constrict and blood flow
decreases. If cooling continues to 10°C, constriction is interrupted by periods
of dilation with an increase in blood and heat flow. This “hunting reaction”
recurs in 5- or 10-minute cycles to provide extremities minimal protection
from the cold.

If your course objectives or students’ interests include bioregulation, you may
wish to encourage further research on topics such as windchill, hypothermia,
and other cold weather injuries such as frostbite, trench foot, and chilblains.
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Homework: Identifying Factors and Variables

After the fast-paced quick-build class, homework provides a welcome time to reflect
and determine next steps. Set the stage for design improvement analysis with the
Identifying Factors and Variables activity sheet. On the sheet, students list key variables
they observed as they built and tested their quick-builds, and they specify a range
of possible variation. Stress the importance of completing this homework overnight
so that it informs the next day’s discussion. Students classify the variables into two
categories: those that are part of the glove system itself and those more associated with
the user. An example of each kind of variable is included on the student activity sheet.
Some variables you might expect students to identify are listed below.

Glove System Variables
e the kind of covering material
e tightness of elastic or cuff seal
¢ the amount of trapped air
e amount and kind of insulation material
e finger fit

e seam integrity

User Variables
e user metabolism
e recent caloric intake
¢ hydration position
e contact of thermometer
e consistency of operator positioning for measurements
e user circulatory characteristics
e previous cold injuries

e user-installed insulation (body fat, hat on head, etc.)

NATIONAL SCIENCE TEACHERS ASSOCIATION



TEACHER PAGES

o presence of caffeine (diuretic), alcohol (vasodilator), or nicotine

(vasoconstrictor) in bloodstream

Students are also asked to list design factors that correspond with the glove system

and user variables. Key design factors will vary with the specifics of the challenge but

might include some from the following list:

comfort

static charge
durability

chemical resistance
dexterity

pressure on hand
flexibility

softness

bulk

stiffness
warmth-to-weight ratio
fit—form and size
insulation loft
venting

cushioning protection
cut resistance
abrasion protection
stretch

permeability

drying time

color and visibility
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Day 2

Class Discussion of Variables

Start a class discussion of the homework just completed. Compile a class list of the
variables and ranges of variation students can identify. You may want to make a large
chart on the board and jot down students’ ideas so that all students have access to the
complete list. Use the discussion to set the stage and level the playing field for the next
activity where the student design teams plan modifications to improve their design.

Quick-Build Quick Changes

If time allows, students can experiment with some quick trial-and-error modifications
to their quick-build to devise and conduct “fair test” hands-on experiments on the
characteristics and configurations of insulation materials.

Stay alert for opportunities that may deviate from parts of the preplanned activi-
ties, especially those proposed by the students themselves. Pursuing students’ prom-
ising alternative outcomes warrants careful consideration; not only do such detours
accommodate student interest, they also serve as a valuable source of motivation.
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Side Roads

Sample Industry Handwear Description

The Sample Industry Handwear Description in Appendix A (p. 250) can be used at any
time to provide students with one example of the kinds of design considerations that
real glove manufacturers use. Similar materials appear in various outdoor clothing
catalogs.

Thermal Factoids

The Thermal Factoids sheet in Appendix A (p. 254) consists of a collection of short
statements about thermal science that are designed to puzzle and provoke—and hope-
fully to stimulate interest. Section A has a series of short statements that should be
identified as true or false; all are true. Section B provides an excellent take-home lab
that can easily involve the entire family. It can also be conducted as an in-class dem-
onstration, perhaps with a blindfolded student determining which container is hotter.
Section C contains important scientific definitions and conventions that students may
need to know to complete their designs.

Individual Information Search

One way students can learn more about design options for their insulated glove chal-
lenge is to research information about handwear on the internet (see Appendix A,
p- 257).
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You have completed the quick-build insulated glove and observed some effects of lim-
iting heat loss by decreasing conduction and convection. To improve your insulated
glove system for practical use, you need to learn more about interactions between the
thermodynamic and bioregulatory systems involved. You will also need to search out
information on various materials and configurations.

There are different ways to approach and conduct research. You could use trial
and error—simply try a lot of combinations of materials and see what works best or is
acceptable. This could take a lot of time and require a good deal of materials gathering
and data collection. A sounder investment of time, effort, and cost can be made if you
conduct an initial information search.

For your initial research, you will probably use a library, the internet, textbooks,
and personal queries. Then you will need to identify some questions and design
experiments to answer them. Refer to the Inquiry Process resource sheet for more
guidance. Realize that one question often leads to another, so you might need to repeat
the inquiry cycle several times. You may even need to return for further research after
you have otherwise moved on to developing and building a prototype physical model.

Team Assignment

Using the list you made of significant factors, divide up tasks among your team so that
each factor will be fully researched. Make sure that each group member understands
the key information needed. Working within the parameters given by your teacher,
establish a schedule for individual reports that allows your team to review each report
before your teacher asks to see it.

Individual Research Report

For homework, you will research the topics that your team assigned to you. You must
present your team with a written report that details the most important things you
discovered. But there is really no way to know now which parts of what you research
will prove most useful when the team begins work on the prototype. For this reason,
an important part of your research report is the identification of sources. A good report
shows clearly where to look for the best information.
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Investigating Heat Transfer and Insulation

The research experiments you design for this activity should help you determine the
best of available insulation materials and application systems to use in your insulated
glove prototype. To arrive at a suitable experimental design, you might try listing
anticipated problems in the procedure or interpretation, and then posing solutions. A
couple of sample considerations are offered here to stimulate thought.

Problem: Metabolic and circulatory feedback effects vary among and within human
hands, thus the temperature inside a glove depends on the hand as well as the glove.

Solution: Replace a radiating human hand with a water-filled glove at known initial
temperature. Measure heat loss over time. How does this control of variables affect
interpretation of your results?

Problem: Immersion in ice water provides fast experimental results but requires that
outer materials be waterproof, thus unduly limiting material choices.

Solution: Adapt the experimental setup to use a source of constant cold air temperature,
such as a refrigerator or an air conditioner. Or use a thin, waterproof, disposable film
glove as an outer layer and devise a correction factor for the insulating effect.

1. Write down your research protocol for evaluating gloves.

2. Sketch your experimental setup and label it so that another researcher would be able
to duplicate your experiment(s).
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“Fair Test” Comparison
A “fair test” comparison is a comparison among two or more designs in which no
design is given an advantage. Follow this procedure to make product comparisons:

1. Observe differences between your quick-build insulated glove and a commercial
glove that has been designed to be worn in cold weather.

Quick-Build Glove Commercial Glove

2. Using your research protocol, compare the insulation effectiveness of the com-
mercial glove with that of your quick-build product.

3. Do the results of your research protocol fit with your understanding of how the
two gloves compare?

4. Decide whether changes need to be made in your protocol. Is it a fair test?
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Students work in their product research and development teams to investigate signifi-
cant variables in heat transfer and insulation. They divide the tasks of researching and
preparing individual research reports.

Students use controlled exposure tests (with an ice water bath) for experiments
they design. To control for homeothermic feedback and other user variables, they can
use a water-filled glove instead of a human hand, measuring temperature change of
the water in the glove with different insulation, layering, and spacing configurations.
Results should be presented in a data table and a graph to compare the amount of
temperature change as a function of time for each of the different test configurations.

Each design team creates a research protocol for testing gloves. The teams validate
this protocol with “hands-in,” “fair test” comparisons of commercial insulated gloves.
They consider their lab findings in the contexts of human thermal regulation, materials
science, insulation technology, and handwear design.

This is a good time for an optional teacher presentation on heat capacity and
specific heat, as well as composite insulation factors for different combinations of
materials (see For the Class section of Materials on pp. 224-225).

Preparation

¢ Devise ways of fixing gloves to hang vertically for the water-filled
experimental setups.

¢ Predetermine suitable type, quantity, and variety of test materials for safe and
manageable team use of class time.

¢ Consider allergies, safety, cost, time, mess, and cleanup.

¢ Locate and obtain materials in quantities sufficient for both the research and
development activities.

¢ Encourage students to provide additional materials, but prepare guidelines
and implement a process or practice of approval before use.
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Materials

For Each Student:

Safety AI 6 rt e Student Activity Sheets
Most adhesive .
materials present » Overview: Research
some hazard from » Investigating Heat Transfer and Insulation
fumes or skin . i
contact. Avoid the » “Fair Test” Comparison
worst—such as » Inquiry Process (from Appendix A; optional)
superglues and spray . ) ) )
adhesives—entirely. » Homeothermic Regulation (from Appendix A; optional)
Read labels and
have specified For Each Team:
solvents and cleanup . . .
materials available. e clamps and stands (or duct tape) for stabilizing each glove in a vertical
Instruct and caution position for testing and measuring (if using water-filled gloves to control for
students regarding homeothermic feedback effects)
proper and careful use.

J e thermometers (digital indoor/outdoor with waterproof flex cables)

¢ ice, water, and buckets (3 Ib. coffee cans serve well)
¢ timing devices

e towels

e graph paper

e assortment of commercial insulated gloves provided by students

For the Class:

e Adiverse selection of potential insulating, reflective, spacer, and encasing
materials:

» arange of sizes and types of disposable gloves
» Styrofoam peanuts

» newspaper

224 NATIONAL SCIENCE TEACHERS ASSOCIATION



» soilless potting mix
» beanbag chair fill
» cotton bat

» bubble wrap

» aluminum foil

» plastic wrap

» drinking straws
» straw, excelsior

» Easter “grass”

» coin tubes

» clothes drier lint

» Cheerios
Students may also be encouraged to add to the collection with various adhesives
such as double-sided cellophane tape, glue sticks, rubber cement, duct tape, foam
adhesive pads, and silicon sealant.

Time Requirement

This activity requires three class sessions. In the first session, students investigate
potential insulators and design experiments for measuring glove insulation. In the
second session, students discuss the graphs they have created in connection with the
experimental setup and glove configuration. In the third session, students compare
insulative qualities of commercial gloves and discuss the effectiveness of their designs.
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Teaching Suggestions
Day1

Group students into product research and development teams of three to five. Review
their assignment: Investigate different insulators and design a uniform method for
measuring the thermal insulation of gloves.

Each team of students will likely test different factors and reach different conclu-
sions, but if given the opportunity to share their experimental designs and findings, all
will benefit by the diversity of multiple team approaches. Comparing findings across
the class should reinforce appreciation of the numerous variables (and possible solu-
tions) involved. You may choose to eliminate the need for each team to test all key
variables by assigning certain key variables to specific teams.

Using the quick-build glove as a starting point for the experimental setup makes the
data collected earlier directly relevant as a baseline for assessing improvement through
redesign. If possible, students should complete their data collection and organize their
results in a table during this class session. Use your judgment to decide whether to
extend, curtail, or defer research activity beyond this time allotment. Additional time
for research and experimentation may fit in better during the Development activity
(Activity 4).

Outside of class, students should construct a graph for each set of data in their
table and answer the series of homework questions on the activity sheet.

Day 2

For the first part of the session, facilitate the previous homework review by choos-
ing several groups to sketch or project their graphs on the board for use as a basis
of discussion. Ask students to detail the experimental setup and glove configuration
associated with each graph. To assess the level of class understanding, pose questions
and elicit responses from a range of students. Sample questions might include:

e Which graphs tell us about layering as an insulation factor?

NATIONAL SCIENCE TEACHERS ASSOCIATION



e Why are the graphs different? (relate to observed properties of each
configuration or material, such as amount, thickness, thermal conductivity,
and entrapped air)

e How are the relative thermal properties of different materials shown in these
graphs?
For the remainder of the session, guide the class in choosing a common research
protocol so that the work of different teams can be fairly compared.

Day 3
In this session students integrate the idea of feedback into the way they have been
thinking about homeothermic regulation. Include a discussion about heat flow as the
cause of the sensation of coldness. If you touch a metal object and a wooden object
both at room temperature, the more conductive metal object feels colder because heat
flows away from your finger faster.
The main activity for this session is to allow students to compare insulative quali-
ties of various commercial gloves and describe the design effectiveness of each.
Because most gloves are not waterproof, students may use a disposable glove as an
outer sheathing to enable the use of the ice water bath. They should test with the same
team member’s hand inserted in each glove and record thermal and other sensory data
to compare with the earlier quick-build data set.

Assessment

Assessment may be based on whether students state testable hypotheses, follow
through and document a controlled variable experiment, graph and write interpreta-
tions of results, record reflections on areas for improvement, and contribute to their
team effectively.
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Side Roads

Inquiry Process

The Inquiry Process sheet in Appendix A (p. 258) provides one possible way to think
of the inquiry process and may be used either as an example or as the template for all
your students to follow. If you use it as a template be sure to indicate that this is your
choice and not the only possible way to view inquiry. Point out to students that there
are many situations where it is useful to have everyone follow a common system even
though many other systems would be equally good.

Homeothermic Regulation

The Homeothermic Regulation reading in Appendix A (p. 260) provides a more
detailed account of the same process described in the Introduction (Key Ideas section).
You will find this reading particularly useful if principles of biological science are
important course objectives.
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Development

You have completed activities investigating insulation and conservation of heat with
various materials in different configurations. You have also researched and observed
the human thermal bioregulatory system response to cold. To meet the Construct-
a-Glove design challenge, you will next develop an insulated glove prototype that
minimizes heat loss while maintaining dexterity for a specific function.

Scope of Work
¢ Redesign your glove system for improved performance within specifications.
¢ Build your prototype and test its performance using your research protocol.
e Measure and record prototype test conditions.

¢ Compare your prototype with that of other teams.

Good planning is essential to good design. Look again at your research where
you identified variables and key directions for further investigation. Think about how
best to combine physical design options with biological considerations. Be creative
within your objectives and constraints. Review the Inquiry Process (from the Research
activity) and Design Process sheets for ideas on next steps. Evaluate your prototype
critically and make modifications until you are satisfied with improved performance
or run out of time. Remember to reflect on your process and record your reflections in
your notebook; how you go about your design and what you learn are key elements in
the self-assessment and communication activities to follow.

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE

229



Development Assignment

Design Prototype

¢ Make a sketch or blueprint (use standard format)
e List all materials

¢ Write assembly instructions

Fabricate Prototype

e Collect or construct parts

e Assemble prototype

Test Prototype
e Apply research protocol

Evaluate Prototype

o Collect user reviews and other “informal” evaluation (see Team Feedback and

Reflections on Design activity sheets).

e Using all available information, list strengths and weaknesses of your

prototype, and compile a list of possible improvements.

Return to “Design Prototype” Step if There Is Time.
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DEVELOPMENT

Team Feedback

Identify those factors that are interfering with the ideal performance of the prototype
glove. Make suggestions about modifications that could improve performance. Record
the problem factors and suggested modifications in the table below.

Factors Suggested Modifications
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Reflections on Design

1. What is the one feature of your insulated glove system about which you are most
proud?

2. Describe the concerns you have with the present design.

3. Describe in a paragraph or two the approach your team took in the designing and
building of your prototype. Include a problem your team encountered with the perfor-
mance tests and how you went about solving it.
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As homework, students can read a brief description of the design process (on p. 263
in Appendix A; optional) to determine where in the activity loop they’ve been, where
they are now, and where to go next.

On the quick-build glove diagram provided, students individually superimpose,
label, and note additional planned performance enhancement features (e.g., wrist air
seal, heat-reflective lining, solar-absorptive covering) determined from their research,
then compare with team members to move toward consensus on selection of design
elements.

Students construct a prototype of their improved design and document with a
drawing in a format appropriate for the illustration technology used.

Students do a second pass on identifying variables that impact performance, this
time for their redesigned glove, and record their suggested modifications. They con-
sider changes required for mass production and record steps for replication efficiency.

Each team pairs with another for feedback. They compare glove features and make
and receive suggestions for modifications.

Students performance test their prototype using a classwide common test protocol
(agreed to ahead of time). They measure temperature change, describe patterns, and
record all other relevant factors.

Students fill out the Reflections on Design activity sheet, describing strengths and
concerns as well as their approach and team process.

Preparation

The Fabrication Zone

Consider quantities of work space, materials, tools, fasteners, and available adhesives,
and optimize spatial arrangements for safe, efficient access.

The Performance Testing Arena

e If space in your room allows, give each group its own separate area to
performance test its prototype. If there is not enough space for this, designate
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a “testing station” (near a sink or drain if possible) for groups to share in
rotation.

¢ You may want students to prepare the test station configuration and to
determine use and cleanup guidelines by class consensus.

e Consider which technological tools you might add (e.g., CAD). If your
students are already proficient with computerized temperature probes,
spreadsheets, or graphing calculators, the data they collect during
performance testing can be entered, manipulated, and printed.

Materials
For Each Student:

e Student Activity Sheets
» Overview: Development
» Development Assignment
» Team Feedback
» Reflections on Design
» Identifying Factors and Variables (from Activity 2; for review)
» Inquiry Process (from Appendix A; for review if used in Activity 3)
» Sample Industry Handwear Description (from Appendix A; optional)
» Design Process (from Appendix A; optional)

» Team Situation Analysis: Reflections on Your Quick-Build (from
Activity 2; optional)

For Each Team:

¢ clamps and stands
e disposable vinyl, latex, or poly gloves

e safety glasses or goggles
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one thermometer
ice
water

bucket

For the Class:

scissors

staplers

weighing apparatus
hot-melt glue
adhesive tape
liquid latex
insulating materials
reflective materials
layer separation materials (yarn, straw, etc.)
cover materials
graph paper

timing device
towels

cornstarch or powder

Time Requirement

This activity requires four class sessions. Students should be encouraged throughout

this sequence to continue their team collaboration and to do additional work outside

of class. Indicate that completing the task on schedule requires considerable discipline.
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Teaching Suggestions

Design is not linear: team processing times will vary. Nonetheless, development activi-
ties can be completed in four efficiently used class sessions—but only if you keep the
pressure on.

Discussion of Homework: Design Process (optional)

Discuss the homework in the Design Process activity sheet. A good initial question to
pose is, Does the diagram depicting the design process reflect the experience in designing and
building you have been having? Other questions to ask are ones from their homework
Which elements of this process have you already experienced? and Where in the process do you
think you are now?

You may wish to make the criteria you will use to assess students’” technological
design capability available at this point and invite discussion.

Suggest to students that if they become stuck at any point, they should refer again
to their portfolio sheets for ideas about what to do next. Highlight or elicit examples
of how students already used or might soon use the design process loop in nonlinear
progression. Students may wish to record scenes illustrating their group process with
photographs or video.

The Design Process sheet provides one possible way to think of the design process
and may be used either as an example or as the template you want all your students to
follow. If you use it as a template, be sure to indicate that this is your choice and not the
only possible way to view design. Point out to students that there are many situations
where it is useful to have everyone follow a common system even though many other
systems would be equally good.

Starting to Redesign the Improved Glove

Students may choose to proceed with the redesign of their gloves either by improving
on their quick-builds or by starting fresh. Depending on their choice, students should
(a) preserve or build on modification conclusions reached when working with the
quick-build system in the research phase or (b) consciously begin anew on a distinctly
different system, in which case initial research must be inserted in the development
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process. Advise them also to keep the selected or specified purpose of their glove
constantly in mind to guide decisions.

Resources for Redesigning

Before students begin redesigning, they might individually review and then discuss
as a team the Sample Industry Handwear Description (in Appendix A) to define the
team’s design vocabulary. They could also review the Team Situation Analysis student
activity sheet (from Activity 2) to remind themselves of modifications they identified
prior to their research.

Timely Feedback

As students move beyond their quick-builds, it is essential that teams be allowed to
grapple with the challenges of designing, building, and testing, and revisiting these
processes. It is important, however, that students receive input at critical times.

One source of input is the team itself. Encourage brainstorming as an official
design process to be performed by the rules. The Team Feedback activity gives every
team a chance to share and explore ideas beyond those of the members.

Another important source of feedback is timely intervention from the teacher.
Very often, a suggestion about how to solve a problem, or a reference to a diagram or
picture, will stimulate action. Drawings or some sample student-built prototypes from
previous classes may be helpful to stalled teams. But judgment must be exercised to
avoid intervening too early.

Evaluation and Reflection
Just as students previously paused to evaluate and reflect on their quick-builds, they
do the same again with the Team Feedback activity sheet, after they have had a chance
to struggle with the redesign of their gloves or are confused and cannot continue.
You may wish to use the Team Feedback sheet to encourage one team to assess the
work of another. For this reflection/assessment, pair each team with another for the
purpose of providing feedback about each other’s designs. Suggest to partner teams
that they demonstrate their prototype to each other and that each team collaborate to
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provide written feedback to the other on the Team Feedback activity sheet. The goal
here is twofold: for students to share ideas and for students to obtain helpful feedback
from others.

Once groups have consulted and provided feedback to each other, provide some
time and space for each team to discuss and decide their next steps. At this stage, you
can assess their troubleshooting or problem-solving ability to conceive of modifica-
tions that address the problems they have been encountering.

Collecting Data
To test their prototypes, students immerse their gloves in ice water and record inside
temperature change over time using a common “fair test” research protocol.

Deciding How Good Is “Good Enough”

Once groups start testing the performance of their prototypes, it is important to discuss
with them how to know when to end the improvement cycle. The answer to this ques-
tion depends on your teaching goals, any criteria agreed to by the class, and what is
realistic given the materials with which students are working. In addition, the depth of
development should be based on sustaining interest in view of their prior experience
and skills as problem solvers, designers, and builders.

Whatever the standards you set for your students (or they set for themselves),
remind them of the need to analyze and improve both the glove system design and the
consistency of performance testing techniques in order to obtain more reliable results.
As your students are testing their glove systems, look for evidence that they are evalu-
ating and using their findings to make both product system and measurement process
improvement decisions.

Design Self-Assessment

As a final development activity, students reflect on what they have done thus far in the
Reflections on Design activity sheet. They are asked to identify positives and negatives
about their current design and then to briefly describe their team approach and pro-
cess. Because this activity sheet is brief, it gives you the opportunity to ask additional
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questions. Science, math, and technology students might list or describe anticipated
problems of actually producing their devices in mass quantities and various sizes to
match their projections of consumer demand.

Assessing Students’ Design and Build Capabilities
There are several key elements of students” design and build capabilities you could
assess throughout the development phase:

o How well are students able to develop solutions? Developing ideas through to
workable solutions is at the core of technological design. Look for evidence
of students’ ability to do this, both in your ongoing observations of students
at work and in the responses they give to the five steps in their Development
Assignment activity sheets.

o How well are students able to evaluate the processes they have used? This includes
the extent to which they are able to identify strengths and weaknesses of their
prototypes. Look for evidence of students” ability to do this, both in your
ongoing observations of students at work and in the responses they give on
the Reflections on Design activity sheet.

o 1o what extent do students exhibit ownership of the task? Did it change with time?
How much initiative did they take? Look for evidence of this in your ongoing
observations of your students.
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Communication

You have completed the research and development (R&D) phases of the Construct-
a-Glove challenge. You have redesigned, built, and tested an insulated glove system.
But you will not be recognized for your effort without effectively documenting and
communicating what you have done.

One measure of success of your R&D team is whether you have applied the criteria
and specifications to come up with a useful, marketable product. In the marketplace it
is the comparison with other products that determines success. Sometimes this com-
parison is based on measurable differences; other times, it is based on an image that
has been effectively communicated to the buying public. To decide how to market your
glove, realistically assess the strengths and limitations of your product and compare
it with that of other teams. Based on these factors, determine a practical market niche
for your product.

Scope of Work

e Present your redesigned insulated glove system in a product prospectus
which outlines the rationale, substance, and outcome of your effort.

e Specify the materials and performance parameters for your prototype product.

e Write a suggested marketing plan for launching your product, or select a “next
steps” topic to write about as an optional activity.
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Creating a Product Prospectus

The final activity is for you to communicate the results of your work in a product
prospectus. Your goal is to include information that would interest and inform others
about your glove system.

An important skill for you to demonstrate in your product prospectus is the abil-
ity to communicate clearly about your glove system in writing. The writing of each
section should be well organized and clear enough for someone unfamiliar with your
team’s product prototype to understand.

You may find it interesting to consult several real product brochures before you
begin, but don’t feel that yours needs to be just like these. Be original, thinking about
better ways of describing your team’s glove as a system.

Product Prospectus Table of Contents

Consult the table of contents shown below for a list of the topics you should address
in your product prospectus. Some parts of the prospectus, like your sketches and
specifications, have already been done. Other parts, like the discussion of scientific
principles, still need to be written.

Table of Contents
L. Guiding Principles

II. System Overview
A. Parts and Materials Specifications
B. Performance Specifications

III. The Science Behind Our Product

IV. Appendixes (optional)
A. Product Comparisons
B. Care and Cleaning
C. Disclaimers and Warranty
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Members of your team may wish to divide the responsibility for each of the sec-
tions that need to be written. Before you do so, read the suggestions below and clarify
what each section will be about.

Suggestions for Product Prospectus Sections

Guiding Principles: In this section you should state any specialized activities or func-
tions that your insulated glove system supports. Take into consideration what level
of movement and dexterity your design provides and what activities such handwear
allows. This section should be a total team effort so that sections that follow are unified
by reference to the agreed purpose. First brainstorm as a team, then assign the actual
writing—based on the brainstorming notes—to one member.

e System Overview: This section can include a sketch of your glove system with
labeled parts.

» The Parts and Materials Specifications section could list details such as
size, shape, composition, and quality of each component part.

» The Performance Specifications section is an appropriate place to describe
the capabilities of your product. What are the minimum and maximum
temperatures, wind conditions, levels of compression, and other
conditions that your glove can handle and still provide hand comfort?
How confident are you of your projections? (Your actual range of
performance tests may have been restricted by time and opportunity.)

e The Science Behind Our Product: In this section you can discuss the scientific
principles involved in the materials and configuration of your handwear.
Consult and reference any appropriate sources to clarify your points
persuasively to potential consumers.

e Appendixes Are Optional: Use them if you wish to include any additional
information such as the following;:

» For Product Comparisons, describe each team’s product in terms of its
strengths and weaknesses. Think of yourself as an employee of a large
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handwear industry manufacturer and your team'’s glove system as one
in a range of choices for users with differing needs.

» In the Care and Cleaning appendix, you might let the user know what
kind of periodic treatment you think your glove product will need to
continue performing well.

» The Disclaimers and Warranty appendix addresses what your team as
manufacturer will be responsible for should some failure occur with
regard to durability, performance, and other factors in comparison with
assurances and claims.
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What I Now Know About Homeothermy, Heat
Transfer, and Research and Development

You have met the challenge to design, build, and performance test a prototype model
of an insulated glove system. To meet the performance specifications, you investigated
heat transfer physics, biological temperature regulation, principles of insulation tech-
nology, and design process. One of your first steps was to record a snapshot of your
understanding about key topics in this unit. By answering similar questions below,
you can compare what you know now with your previous answers and self-assess
what you have learned.

1. What are the parts of the hand significant to the design of an insulated glove with
specific dexterity? Make a sketch and label its parts or describe in words.

2. List as many special-purpose kinds of gloves as you can. Place a “T” by those specifi-
cally designed to provide thermal protection. For example, a welding glove is designed
to provide thermal protection so you would put a “T” next to “welding” in the list.

3. Describe what process your team used to design your insulated glove.
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4. Describe several key differences between homeothermic and poikilothermic animals.

5. Describe mechanisms and behaviors for human body temperature regulation.

6. Distinguish between temperature and heat and describe how they are related.
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Next Steps

Choose one or more of the following extension topics and commit your thoughts

in writing.

1. Present your views on the historical significance and impacts of gloves on human
accomplishment.

2. Review the diversity of specialized gloves in the context of contemporary human
inventiveness.

3. Describe promising market niches for new specialized gloves that might be
developed to improve human capability, safety, comfort, and other factors.

4. Outline a comprehensive marketing plan for launching your team'’s glove design

into a profitable product cycle.

NATIONAL SCIENCE TEACHERS ASSOCIATION



DAYS
Rooooi

Teacher Pages

Student teams summarize their learning by creating a product prospectus that includes

information about specific applications for their glove system, its construction, principles

of operation, and performance parameters. The Creating a Product Prospectus activity

sheet provides a set of topics for students to address, along with explanatory text. In the

final assessment, students answer questions similar to those at the beginning of the unit.

Preparation

Consider spectator invitations if opting for oral presentations or for market
introduction of prototypes.

Provide (or have students bring in) a few different examples of product
marketing media.

Customize the product prospectus table of contents to fit the time and education
objectives for your class (or encourage students to make such decisions).

Arrange for use of word processing/graphics (or CAD) computer stations.

Prepare a grading plan for your evaluation of the team and individual effort.

Materials
For Each Student:

Student Activity Sheets
» Overview: Communication
» Creating a Product Prospectus
» Snapshot of Understanding
» Next Steps (optional)

For Each Team (optional):

flexible seating to facilitate team discussions and writing

e word processing/graphics stations and presentation tools
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Time Requirement

Two class sessions are required for this activity: one class for team writing of the
product prospectus writing, with additional time needed as homework; and one class
for team product prototype presentation, reflection, and final self-assessment. Allow
about 20 minutes for students to complete the final Snapshot of Understanding, plus
a brief time for them to compare their answers with those on their pre-unit Snapshot.

Teaching Suggestions
Discuss with your students which topics to include in their product prospectus and sug-
gest that they develop a plan for delegating tasks within their teams to get the work done.
Each team begins work with group brainstorming of possible intended uses or markets for
their glove system. Suggest to teams that they take into consideration what their design’s
strengths and weaknesses are compared with other team’s products. Encourage team
members to review each other’s contributions before assembling their final document.
An important skill for students to demonstrate in their product prospectus is the
ability to communicate clearly in writing and graphics. Remind students that in both
science and technology, communication is key to success. Your grading rubric should
emphasize content, organization, and clarity.

Next Steps

In many ways, Construct-a-Glove is just a beginning in the process of examining gloves.
If there were enough time, a great deal more could be done. The Next Steps section of the
student pages suggests a few projects students could undertake after the unit. You will
probably be adding your own options to this list each time you teach the unit.
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The material in this appendix is intended to support activities that you may choose
to add to those described in the core unit. Many of these are key activities, but they
have been placed in this appendix because they can fit in several different places in
Construct-a-Glove—exactly where they are used is a matter best decided by you in
response to student questions and feedback. Some activities may be profitably used
more than once. An analysis of the design process, for example, will provide differ-
ent insights when used in the research activities than when used in the development
activities.
In this appendix:

e Sample Industry Handwear Description

e Thermal Factoids

¢ Homework: Individual Information Search
¢ Inquiry Process

¢ Homeothermic Regulation

¢ Design Process
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Sample Industry Handwear Description

Read the following glove description* and independently create your own one-page
flyer highlighting features of your team’s quick-build glove. Use drafting, sketching or
illustration methods, and labeling styles as assigned by your teacher.

*Reprinted with permission of Outdoor Research, Inc., Seattle, WA, as posted online at
www.orgear.com, last visited March 2000.

Expedition Modular Gloves: Technical Information

Expedition Modular Gloves can be used in a wide range of mountaineering, skiing,
and cold weather adventure situations. It is an extremely warm glove with excellent
dexterity for those super cold ice climbing days in Canada or lift skiing in deep pow-
der in the Rockies. Any time dexterity is important, but you can’t afford to lose much
warmth in the process, this is the handwear of choice.

curved, boxed fingers

3-layer Taslan
Gore-Tex shell

tough Tek/Hydroseal palm

cinch straps

extra-long gauntlet

removable idiot cords
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Technical Features and Benefits: Shell Specifications
Fingers and Thumb Strongly Curved

The curved shape of the fingers and the thumb follows the position of function of the
hand. This reduces the work the hand must do to hold an ice tool, ski pole, or ascender.
It also lets the hand relax in its natural position without resistance.

Box Construction
The boxlike construction gives each finger its high volume, resulting in lower pressure
on the hand and therefore a much warmer glove by design.

Three-Layer Taslan Gore-Tex With Laminated ToughTek/Hydroseal Palm
Gore-Tex is used to achieve the best possible waterproof, vapor-permeable, and wind-
proof combination. Due to the complex construction of these gloves, the seams are not
factory sealed, so the shells are not considered waterproof, but with the addition of
the GT Liners (see description below) the hand can be kept fully dry. For most moun-
taineering and skiing situations it is as much durability as a person will need. Highly
windproof and vapor-permeable.

Cinch Strap Adjustment at Wrist and Cuff

Velcro at the wrist keeps the glove from slopping around or sliding off the hand. It is
placed slightly forward of the narrow point of the wrist. This is a deliberate design
feature. It is more effective at keeping the fingers in the ends of the mitt. The cinch
strap at the cuff keeps snow and wind out of the mitt and gives the wearer the option
of venting excess vapor when working hard. Quick one-handed operation and no
flapping strings. When closed, Velcro Cinch Straps do not flap around in the wind like
typical draw cords. This can be important when working with the hands near the face
as in ice climbing. Also nice when skiing.

Form-Fitting Thumb
In the coldest conditions it is imperative that a glove does not put pressure on the
hand at any point, especially at the thumb. For this reason the Expedition Glove is

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE

251



constructed out of several separate pieces of material to create a high-volume, form-
fitted section. This is one of the keys to the great warmth of this glove.

Extra Long Gauntlet

The gauntlet is long enough and big enough to accommodate even the poofiest down
parka sleeves. For the nastiest blowing spindrift this is the only way to go. Combined
with the cinch straps, the gauntlet creates a seal that is impenetrable, even when you're
skiing with the aid of a snorkel.

Removable Idiot Cords

When the mitts are removed for manipulation of small objects, these cords act as keep-
ers, allowing the wearer to dangle the mitts from the wrists. Once you get dialed into
this feature you will quickly want to add it to all of your handwear!

Technical Features and Benefits: Liner Specifications

Standard Moonlite Pile Liner
e High warmth-to-weight ratio.
e Extremely durable, maintains its loft well.
e Fast drying.
e Palm and finger side walls are one layer of pile for dexterity.

e Back of hand and back of thumb have two layers of pile for extra warmth.

Poron Foam for Back of Hands at Knuckles
Protects knuckles from being bashed while ice climbing or skiing.

Flat Seams at Palm
Flat seams allow excellent “touch” and dexterity of the fingers.

Seam Allowance on Outside of Liner
The extra material from the seams is placed on the outside, away from the hand, for
warmth and comfort.
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Strongly Curved Box Construction
¢ Follows the position of hand in the resting position.
e Matches the curve of the shell.
e GT Liner

e The GT liner is a single liner of Moonlite Pile covered by Gore-Tex and a final
layer of WickLine. It lacks the Poron Knuckle guard of the standard but retains
the curved shape and box seam construction.

¢ Totally waterproof for use in sloppy conditions.
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Thermal Factoids

A common misconception is to confuse heat and temperature or to believe they are
the same. Test your own understanding by marking “T” for true or “F” for false next
to each of the statements in Section A below. Section B provides a quick experiment
you can do yourself, or alternatively, you can make an outcome prediction and verify
it with another classmate. Section C contains true information for reading and use in
your research and development.

Section A: Temperature Versus Heat

___ When a material is hot, it has more thermal energy than when it is cold. Thermal
energy is the total potential and kinetic energy associated with the random
motion and arrangement of the particles of a material.

__ Temperature is the hotness or coldness of a material.

__ Heat is thermal energy that is absorbed, given up, or transferred from one body
to another.

___ The temperature of a body is a measure of its ability to give up heat to or absorb
heat from another body. Heat will flow from a body with a higher temperature
to a body with a lower temperature, even if the cooler body contains more
thermal energy.

__ Temperature is a physical property that determines the direction in which heat
energy will flow between substances.

__ There is no instrument that directly measures the amount of thermal energy a
body gives off or absorbs. Therefore, quantities of heat must be measured by the
effects they produce.

Section B: On the Other Hand ...

The following experiment, as best we can tell, was first performed 400 years ago. Try
it on your own, with classmates, or at home with your family. Be prepared to describe
and explain what happens.
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1. Fill three open-top containers with water of different temperature as follows:
(a) hot, but not scalding; (b) very cold, with or without ice; and (c) lukewarm or
room temperature.

2. Immerse one hand in the hot container and the other hand in the cold container.

3. Switch the hand from the hot water to the lukewarm container. Determine

whether the water in that container feels “warm” or “cool.” Then remove your
hand.

4. Switch the other hand from the cold water to the lukewarm container, and again
declare the water either “warm” or “cool.”

5. Record your findings or predictions, and explain below:
water in the third container feels: warm / cool (circle one) to the hot hand
water in the third container feels: warm / cool (circle one) to the chilled hand
Explanation:

Section C: Actual Factual Factoids

e The calorie is defined as the quantity of heat needed to raise the temperature of
1 gram of water 1°C.

e The calorie is also defined as a specific number of joules: 4.186.

e The Calorie (with a capital C) used in dietary tables by biologists and dietitians
to measure the energy value of foods is equal to the kilocalorie (1,000 of the
calories normally used by physicists).

o The heat capacity of a body is the quantity of heat needed to raise its
temperature 1°C.

o Specific heat is the heat capacity of a material per unit mass.

e Heat capacity = Q/AT, where Q is the quantity of heat needed to produce a
change (A) in the temperature of the body, AT.

o Specific heat is calculated by ¢ = Q/mAT, where c is specific heat and m is mass.
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Water conducts heat away from the body 25 times faster than air does because
water has a greater density, therefore a heat capacity 50 times greater than air.

Staying dry is key to cold weather comfort and survival.

The metabolism of an organism is very closely tied to temperature. Within
the narrow range of temperatures to which the active organism is tolerant,
the metabolic rate increases with increasing temperature and decreases with
decreasing temperature in a very regular fashion.

The relationship between metabolic rate and temperature is often expressed
in terms of a value called the Q. This value is a measure of the rate increase
for each 10°C rise in temperature. Thus if the rate doubles for each 10°C rise in
temperature, the Q, is said to be 2; if the rate triples for each 10°C rise, the Q,,
is said to be 3; and so forth.

The exponential nature of the Q,  relationship radically affects the activity
of poikilothermic (“cold-blooded”) organisms as the temperature of their
surroundings changes.

Two classes of animals, mammals and birds, have evolved a mechanism
that makes them much less dependent on environmental temperatures and
frees them for successful exploitation of more varied habitats. These “warm-
blooded,” or homeothermic, animals maintain a relatively constant body
temperature even when the environmental temperature fluctuates widely.
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Homework: Individual Information Search
For each topic you independently research, record below your sources or search engines,
keywords, Boolean search strings, and useful URL addresses or bibliographic citations.

Keywords/Search

Source/Search Engine Resultant URL/Citation = Notes

String

Compare your search technique and results with your team members and highlight
two strategic search tips:

1.
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Inquiry Process Evaluate

The inquiry process is often viewed as
a cycle of action that repeats until the

Communicate

investigators reach a satisfying solution. Explain
It can be described with seven basic
elements: '

Identify Experiment

Identify and clarify questions.
Understand the issue or problem,
and make a testable hypothesis.

Plan appropriate procedures. Plan Research
Brainstorm, draw and write
ideas, clarify their ideas, and

suggest possible strategies or methods.

Research major concepts. Learn what is known about the situation from sources
other than actual investigation, and obtain information from preliminary
experiments. Decide what technology, approach, equipment, and safety
precautions are useful. Document your experiments and log your data.

Experiment. Use tools and measuring devices to conduct experiments. Use
calculators and computers to store and present data.

Explain logical connections. Analyze your data. Formulate explanations using
logic and evidence, and possibly by constructing a physical, conceptual, or
mathematical model.

Evaluate alternatives. Compare your explanations to current scientific
understanding and other plausible models. Identify what needs to be revised,
and find the preferred solution.

Communicate new knowledge and methods. Communicate results of your
inquiry to your peers and others in the community. Construct a reasoned
argument through writing, drawings, and oral presentations. Respond
appropriately to critical comments.
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Questions
Read the following questions, but do not answer them until after your team has experi-

enced working together on the Construct-a-Glove design challenge research activities.

1. Make your own checklist of team activities that correspond to steps in the cycle
described above.

2. Create your own version of the inquiry process using words and pathways that fit
your team’s activity.

3. What shape is your inquiry pathway diagram (circle, spiral, cascade, other)?

4. How and where do the seven steps described above fit within your process
description?

SCIENCE BY DESIGN CONSTRUCT A ... BOAT, CATAPULT, GLOVE, AND GREENHOUSE

259



260

Homeothermic Regulation

Classification of life forms aids in identification and reveals possible relationships
between organisms. There are variations in classification systems, and not all scien-
tists agree on all details. Nevertheless, such systems are useful to organize similar
and distinguishing information about life forms. Study of such systems also gives
insights into changes that appear over time because of the environment and other
factors. In the broadest scientific classification of living things, modern humans belong
to the Kingdom Animalia. Further, we belong to the subkingdom Metazoa, section
Deuterostomia, phylum Chordata, subphylum Vertebrata, class Mammalia, subclass
Theria, order Primates, family Hominidae , genus Homo, and species sapiens.

Another classification of animals is based on body temperature regulation.
Animals obtain energy by cellular respiration, converting chemical energy of food by
oxidation of carbohydrates, fats, and proteins into high-energy phosphate bonds of
ATP (adenosine triphosphate). Cells are more efficient at converting energy for use
than the most elaborate nuclear electric power plant. Even so, 40-60% of the released
energy of respiration is in the form of “waste” heat (compared with 65-70% waste
heat in producing electricity). Most animals (and all plants) promptly lose this heat
energy to their environments. Such animals are called cold-blooded. Scientists use
the term poikilothermic, meaning “of variable temperature.” Only birds and mammals
(including humans) have developed insulation (fur, feathers, and fat) and respiratory
and circulatory feedback mechanisms to retard the loss of metabolic “waste” heat to
the environment. The heat conserved by these warm-blooded animals allows them to
maintain a higher body temperature, which sustains a higher metabolic rate (Q, ) and
increased level of activity. (Refer to Thermal Factoids resource sheet and biology texts
for further information.)
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Questions

The following questions may help you relate your scientific research and technological
development for this project to naturally occurring systems. Insights gained here may
stimulate further design innovations.

1. Does the overall metabolic process of animals function more like a furnace or a
refrigeration unit? Explain your answer.

2. List several advantages homeotherms gain by maintaining a higher and more con-
stant body temperature than poikilotherms.

3. What added benefits do homeothermic humans get from creating, wearing, and
continuously improving insulated gloves?
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4. Give two examples of how other animals cope with environmental extremes without
gloves.

5. Because humans benefit from gloves, would a frog or a bird benefit from having
gloves designed for them?

6. Suggest an event from history that might have been different without the develop-
ment of gloves.
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Design Process Evaluate

The design process is often viewed

. ) Communicate
as a cycle of action that repeats until

the designers reach a satisfying Implement
solution. It can be described with
seven basic elements: identify, cre-

. . . Identify Choose
ate, investigate, choose, implement,
evaluate, and communicate.

e Identify and clarify the

situation. Understand Create Investigate

the challenge or problem,
including the criteria for
success and constraints on the design.

¢ Create solutions. Brainstorm, draw and write ideas, and suggest possible
strategies or methods.

e [nvestigate possibilities. Learn what is known about the situation, and what
technology or approach could be useful. Conduct experiments to test your
ideas.

o Choose a solution. List the solutions most likely to be successful, and make
decisions for how well each solution meets the design challenge or solves the
problem.

o Implement the design. Learn that a successful design often depends on good
fabrication, whether it is a scaled or life-size version of the product.

o Euvaluate the design. Perform tests to obtain the feedback that informs them
about the parts of the design that worked or needed improvement.

o Communicate the solution. Present your designs to your peers and others in
the community, communicating your ideas through drawings, writing, formal
presentations, informal discussions.
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Questions

After reading about the design process, answer the following questions:

1. Which elements of the process have you already experienced?

2. Which elements have you not yet experienced?

3. Where in the process do you think you are now?

4. What will be your next steps?
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Text Reconstruction
Exercises

Homeothermic Processes

The paragraphs below describe the homeothermic process and its relation to gloves. To
prevent this information from falling into the hands of rival glove manufacturers, the
order of the sentences in each paragraph has been jumbled. Your task is to rearrange
the sentences in their correct order.

___ Most animals depend on the Sun or on thermal hot springs to keep themselves warm.

___Itinvolves burning fuel (food) in the body to create heat and using the blood flow
as a means of getting that heat distributed evenly.

_2 Asmall but a very familiar group of animals are known as warm-blooded because
they keep themselves warm.

__ The homeothermic process is the process these animals use to keep themselves at
a comfortable temperature.

___ The system is very similar to that in a house that is heated by pumped hot water.

__ The heart and other working muscles produce heat.

__ This heat warms the blood that runs through these warm organs and this warmed
blood is then pumped to other areas of the body that may be cooler in temperature.

___ Using the blood flow as a means of conducting heat is a very clever design because

this is not what blood was originally invented to do and it is not even now the

primary mission of blood flow.

__Actually the blood in such animals can be hot or cold depending on the surround-
ing temperature.

__Many organisms that are not homeothermic use blood for these primary missions;
these organisms are called cold-blooded.

___ That primary mission is bringing oxygen and nutrients to the cells and taking away
carbon dioxide and waste products.

_5 Blood can still carry warmth to colder regions of the body, but usually it is from a
warm skin to a colder interior.
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___In these circumstances, heat can be radiated to the environment by passing over-
heated blood through the colder surface areas of the body.

___ When an organism is very active it can get too hot.

___These surface areas are sometimes cooled by the evaporation of sweat.

_5 The hands, ears, and feet are major areas for heat loss because they have lots of
blood flow and a big surface area—to-volume ratio.

___ This evaporation system works just like many of the air-conditioning systems used
in houses that have central air-conditioning connected to the same pumped hot
water as is used for heating.

___ This big surface area—to-volume ratio acts like the fins on radiators.

__Hands, ears, and feet are very useful when you are too hot.

__To protect the rest of the body, the homeothermic system will reduce blood flow to
these extremities when body temperature is too low.

___ Eventually, however, the homeothermic system will give up on saving these parts
of you and will allow them to freeze and fall off.

__ To outsmart the homeothermic system, people have invented gloves, earmulffs,
and socks.

__ This is good in the short term but not a wise choice in the long term.

___ As the temperature of the hands, ears, and feet begins to fall, the body sends short
bursts of blood to keep them warm enough to avoid freezing.

_2 But they become very dangerous when you are too cold.

___These inventions allow people to live in places like North America and Europe
where they probably should never have gone to in the first place.

266 NATIONAL SCIENCE TEACHERS ASSOCIATION



TEXT RECONSTRUCTION EXERCISES

Heat Energy Transfer

The paragraphs below describe the concept of heat transfer. To prevent this informa-
tion from falling into the wrong hands, the order of the sentences in each paragraph
has been jumbled. Your task is to rearrange the sentences in their correct order.

__Heat, which is a form of energy, naturally flows from hot areas to colder areas. m
___ The property of materials that determines how fast heat will flow is called thermal
conductivity.
__ Other materials such as wood and paper have a relatively low thermal conductivity.
___Ifairis trapped so it cannot move around, it becomes a very good thermal insulator.
_6 Materials with a low thermal conductivity are called thermal insulators.
___This is why we wear bulky sweaters when we want to be hot.
___ But heat will flow more rapidly in some materials than in others.
___Many metals, such as copper, have a high thermal conductivity.

_3 These new insulators affect how we dress and the design of the buildings in which m
we live and work.

__New, lighter, thinner, less expensive thermal insulators are being invented every
year.

__ Thermal insulators are very important for clothing and for building construction.
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Text Reconstruction Key

The paragraphs below show the correct order of sentences for each text reconstruction

exercise. When you hand out the initial homework assignment, ask students to number

the sentences in each paragraph so as to put them in the correct order. It is also highly

beneficial to ask students to rewrite the paragraphs once they have determined the

correct order.

Homeothermic Processes

Paragraph 1

1. Most animals depend on the Sun or on thermal hot springs to keep themselves
warm.

2. Asmall but a very familiar group of animals are known as warm-blooded
because they keep themselves warm.

3. The homeothermic process is the process these animals use to keep themselves at
a comfortable temperature.

4. Itinvolves burning fuel (food) in the body to create heat and using the blood
flow as a means of getting that heat distributed evenly.

5. The system is very similar to that in a house that is heated by pumped hot water.

6. The heart and other working muscles produce heat.

7. This heat warms the blood that runs through these warm organs and this
warmed blood is then pumped to other areas of the body that may be cooler in
temperature.

Paragraph 2

1. Using the blood flow as a means of conducting heat is a very clever design

because this is not what blood was originally invented to do and it is not even
now the primary mission of blood flow.
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TEXT RECONSTRUCTION EXERCISES

2. That primary mission is bringing oxygen and nutrients to the cells and taking
away carbon dioxide and waste products.

3. Many organisms that are not homeothermic use blood for these primary mis-
sions; these organisms are called cold-blooded.

4. Actually the blood in such animals can be hot or cold depending on the sur-
rounding temperature.

5. Blood can still carry warmth to colder regions of the body, but usually it is from a
warm skin to a colder interior.

Paragraph 3

1. When an organism is very active it can get too hot.

2. In these circumstances, heat can be radiated to the environment by passing
overheated blood through the colder surface areas of the body.

3. These surface areas are sometimes cooled by the evaporation of sweat.

4. This evaporation system works just like many of the air-conditioning systems
used in houses that have central air-conditioning connected to the same pumped
hot water as is used for heating.

5. The hands, ears, and feet are major areas for heat loss because they have lots of
blood flow and a big surface area—to-volume ratio.

6. This big surface area—to-volume ratio acts like the fins on radiators.

Paragraph 4

1. Hands, ears, and feet are very useful when you are too hot.

2. But they become very dangerous when you are too cold.

3. To protect the rest of the body, the homeothermic system will reduce blood flow

to these extremities when body temperature is too low.
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4. As the temperature of the hands, ears, and feet begins to fall, the body sends
short bursts of blood to keep them warm enough to avoid freezing.

5. Eventually, however, the homeothermic system will give up on saving these
parts of you and will allow them to freeze and fall off.

6. This is good in the short term but not a wise choice in the long term.

7. To outsmart the homeothermic system, people have invented gloves, earmuffs,
and socks.

8. These inventions allow people to live in places like North America and Europe
where they probably should never have gone to in the first place.

Heat Energy Transfer

Paragraph 1

1. Heat, which is a form of energy, naturally flows from hot areas to colder areas.

2. But heat will flow more rapidly in some materials than in others.

3. The property of materials that determines how fast heat wi