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Foreword

Formative assessment—or assessment for learn-
ing—has become an increasingly common
focus for teachers and schools since the late
1990s. Touted by research as the single most
effective strategy for advancing learning for all
students, formative assessment has been incor-
porated by more and more teachers into their
classroom practices. As they do so, they are dis-
covering that the process is far more complex
than simply administering a probe or checking
in occasionally to see if students are “getting
it.” Teachers are finding that to effectively use
assessment results to further learning, the strat-
egies they employ have to be carefully linked to
specific learning goals. Formative assessment
provides them with rich information that allows
them to understand not only what students have
learned but how they are learning. Teachers see
the importance of asking students two critical
questions: What do you know? and How do you
know that? Getting answers to these questions
are especially important in assessing conceptual
learning (as opposed to assessing skill mastery)
in science and mathematics.

To really attend to students’ ideas in the
classroom requires a change in perspective
for teachers and students. Many of the teach-
ers with whom we have worked describe it as
a move from a focus on teacher performance
to a focus on student learning—a shift from
teacher- or lesson-based learning to learning-
based lessons. A focus on student learning
also means using probes, elicitations, and les-
sons that will help teachers answer a question
they must pose to themselves: What and how
are my students learning in relation to the learn-
ing goal? This focus also entails reflecting on
the information collected and interpreting
it to answer two additional questions: What

are the strengths and problematic aspects of the
students’ thinking? and What do these students
need next to deepen their learning? Finally, a
focus on student learning means that subse-
quent instruction addresses the question What
learning experience or feedback will address the
identified needs as well as the learning goal?
This cycle of collection, interpretation, and
action is an ongoing process in which the art
and science of instruction meet. In addition,
it requires teachers to draw more heavily than
they have before on their science content and
pedagogical content knowledge (knowledge of
how students learn a particular science con-
cept) in order to make the cycle effective. As
many teachers have observed, formative assess-
ment initially appears to be easy to carry out.
In fact, that impression is deceptive. Formal
assessment takes time, tenacity, and resources
if it is to be done well.

Uncovering Student Ideas in Physical Sci-
ence is the latest addition to an important
series of resources that support teachers who
are building and refining their use of formative
assessment in science. The re-organization of
resources around important “big ideas” in sci-
ence not only emphasizes the targeted nature
of the formative assessment process but also
is likely to help teachers address their own
learning needs more systematically. As in the
earlier, four-volume Uncovering Student Ideas
in Science series by Page Keeley and her col-
leagues, she and Rand Harrington in this vol-
ume provide information and references in
the Teacher Notes accompanying each probe
to help teachers scaffold their own learning
as well as that of their students. The Purpose
description, for example, provides important
information about what a specific probe is

Uncovering Student Ideas in Physical Science



Foreword

expected to elicit and how this might be related
to larger learning goals. This discussion of the
purpose, together with the Related Ideas in the
National Standards sections, will help teachers
be more purposeful in collecting information
about student learning and in selecting assess-
ment tools and strategies that are closely tied
to a specific learning goal.

The suggestions provided in Administering
the Probe can be used by teachers to anticipate
andeventuallyinterpret theirstudents’ responses.
This section and the Related Concepts section
will support teachers in their efforts to become
more flexible in their assessments and to hone in
on student understanding of a particular idea.
These sections also underscore the ongoing,
targeted nature of formative assessment. For
example, the half-dozen probes in the book that
are related to Newton’s first law could be used
at various points in a unit to explore students’
developing conceptual understanding. One
or two probes could be used early in the unit
when focusing on straight-line motion. Another
probe could be used midway by relating the
first law to relative motion. Finally, three other
probes could be used when instruction focuses
on the topics of changing direction and circular
motion. Alternatively, the same six probes could
be used by a school or district to articulate its
curriculum regarding motion. As noted in the
probes themselves, some would be appropriate
at the intermediate or middle school level, while
others could be used for review and extension at
the high school level.

Both the Explanation and Related
Research sections offer resources to support

teachers’ knowledge needs. The brief scientific
explanation provided with each probe not only
helps teachers to better interpret their students’
responses but also could alert them to their
own content-related learning needs before
they engage their students. Meanwhile, the
descriptions of findings from related research
give teachers additional information about the
intention of each probe and about why the stu-
dent thinking it elicits matters in the overall
progression of learning. Teachers can use this
information to develop the pedagogical con-
tent knowledge that is so important to effec-
tive formative assessment. In turn, they will be
able to better understand how students learn
the subject of force and motion.

Although no written resource will provide
teachers with a “silver bullet” solution to every
challenge, this new Uncovering Student Ideas
in Physical Science series promises to do more
than any other resource I know of to give sup-
port to teachers who are trying to engage in
effective formative assessment in science. This
book and the four volumes to follow in the
series on physical science, together with ear-
lier works such as Science Curriculum Topic
Study and Science Formative Assessment, are
essential additions to the library of any pro-
fessional science educator or organization.
This growing set of tools provides teachers
with greater opportunities to explore their
students’” thinking, challenge their own, and
have fun in the process.

Jim Minstrell
FACET Innovations

National Science Teachers Association



Preface

Background

Since the late 1990s, K—12 science educators
have acknowledged the critical importance of
using diagnostic tools and formative assess-
ments to improve teaching and learning.
Significant research-based publications such
as How People Learn: Brain, Mind, Experience,
and School (Bransford, Brown, and Cocking
2000) raised teachers’ awareness of the need
to identify the preconceptions that students
bring to the science classroom and use these
preconceptions as springboards for learning.
However, student- and teacher-friendly ques-
tions that make K—12 students’ thinking visible
to themselves and their teachers were not read-
ily available. Thus, the four-volume Uncovering
Student Ideas in Science series was born.

In October 2005, the first book in the
series rolled off the press, making its debut at
the NSTA Area Conference in Hartford, Con-
necticut. The book was the first of its kind. It
gave K—12 educators a set of probing science
questions to use with students on life, Earth,
space, and physical science. The “probes”
link key ideas in the K-12 content standards
(AAAS 1993 and NRC 1996) to research on
students’ commonly held ideas. Each probe is
accompanied by detailed teacher background
notes on science content and suggestions for
use in the classroom. Although the physics
education community had developed diagnos-
tic assessments for many years for high school
and undergraduate physics students, such as
the Force and Motion Conceptual Evalua-
tion (Thornton and Sokoloff 1998), no similar
assessment that probed K-12 students’ sci-
ence preconceptions existed until Volume 1 in
the Uncovering Student Ideas in Science series

was published.

Three additional volumes later—with a
total of 100 K~12 formative assessment probes
now published—the Uncovering Student Ideas
in Science series has soared in popularity. The
four books are used by thousands of K-12
classroom teachers, university professors, pro-
fessional developers, instructional coaches
and mentors, and even parents. The series has
become a valuable resource for improving stu-
dent learning and deepening teachers’ science
content knowledge.

Each volume’s introduction contains vital
information about the use of the probes and
formative assessment:

e Introduction to Vol. 1: Presents an over-
view of formative assessment: what it is and
how it differs from summative assessment.
Background on probes as specific types of
formative assessments and how they are
developed is provided.

e Introduction to Vol. 2: Describes the link
between formative assessment and instruc-
tion and suggests ways to embed the probes
into your teaching.

e Introduction to Vol. 3: Describes how to
use the probes and student work—either
individually or through professional learn-
ing communities—to (a) deepen your
understanding of students’ ideas and the
implications of those ideas for instruction,
(b) learn new science content, or (c) even
uncover a deeply rooted misconception
you might have.

e Introduction to Vol. 4: Describes the link
between formative and summative assess-
ment. Gives reasons why an investment in
formative assessment before and through-
out instruction can improve students’ per-
formance on the summative end.

Uncovering Student Ideas in Physical Science
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Collectively, these four introductions will
expand your assessment and instructional reper-
toires and will deepen your understanding of stu-
dents’ thinking and effective science teaching,

The New Series: Uncovering
Student Ideas in Physical
Science

In 2009, after the publication of Volume 4,
Page Keeley, principal author and probe devel-
oper of the Uncovering Student Ideas in Science
series, decided to begin a new set of books that
would focus on specific topics in physical sci-
ence. The new series is called Uncovering Student
Ideas in Physical Science. This book—on force
and motion—is the first in that anticipated five-
volume series. The topics of the four volumes to
come will be electricity and magnetism, energy,
sound and light, and matter.

Format of This Book

This book contains 45 probes on force and
motion for a variety of grade levels, from ele-
mentary grades up through high school. It is
made up of three sections: Section 1, Describing
Motion and Position; Section 2, Forces and
Newton’s Laws; and Section 3, Mass, Weight,
Gravity, and Other Topics. The format is simi-
lar to that of the earlier four volumes, with a
few changes due to the topic-focused nature of
this series. For example, the book’s introduc-
tion (starting on p. 1) focuses specifically on
why force and motion ideas are challenging to
teach and learn. As in the earlier series, each
probe is followed by a Teacher Notes section,
which is made up of these eight elements.

1. Purpose

This section describes the purpose of the
probe—that is, why you would want to use it
with your students. It also states the general
science concept or topic targeted by the probe
and the specific ideas the probe is trying to

elicit from students. Before using a probe, you
should be clear about what the probe can reveal.
Taking time to read the purpose will help you
decide if the probe fits your intended use.

2. Related Concepts

Each probe is designed to target one or more
related concepts that often cut across grade
spans. These concepts are also included on the
concept matrix charts on pages 12, 67, and 140.
A single concept may be addressed by multiple
probes as indicated on the concept matrix. You
may find it useful to use a cluster of probes
to target a concept or specific ideas within a
concept. For example, there are six probes that
relate to Newton’s first law of motion.

3. Explanation

A brief scientific explanation accompanies
each probe and clarifies the scientific content
that underlies the probe. The explanations are
designed to help you identify what the “best”
or most scientifically acceptable answers are
(sometimes there is an “it depends” answer)
as well as clarify any misunderstandings you
might have about the content.

The explanations are not intended to pro-
vide detailed background knowledge about the
content nor are they written for an audience
of physicists. In writing these explanations, we
were careful to keep in mind that our audi-
ence will include teachers who have little or
no physics background. We tried not to over-
simplify the science but at the same time we
wanted to provide the science content a nov-
ice teacher would need. If you need additional
background information on the content, refer
to the NSTA resources listed at the begin-
ning of each section (pp. 13, 69-70, and 141—
142), such as Force and Motion: Stop Faking
It! Finally Understanding Science So You Can
Teach It (Robertson 2002) or a Science Object
from the NSTA Learning Center.

National Science Teachers Association



4. Administering the Probe

In this section, we suggest ways to administer
the probe to students, including appropriate
grade spans and, in some cases, modifications
to make a probe that is intended for one grade
span useful for another. A modification might
be to eliminate certain choices from the list
of possible answers for younger students, who
may not be familiar with particular words or
examples. In other probes, we might recom-
mend using the word weight instead of mass
as a “stepping-stone” concept with younger
elementary students, who frequently confuse
the word mass with the phonetically similar
word massive. (See a description of stepping-
stone ideas on p. 5 in the introduction.) The
Administering the Probe section also tells
teachers when it is a good idea to establish the
context for the probe by showing students the
various items that are referred to in the probe
(e.g., a ramp, a ball). Also, although the probes
were designed to be used by individual stu-
dents, this section occasionally recommends
that a probe be used in small groups.

The suggested grade levels, which appear
in the concept matrixes that precede each sec-
tion, are intended to be suggestions only. Your
decision about whether or not to use a probe
depends on why you are using the probe and
on your students’ readiness. Do you want
to know about the ideas your students are
expected to learn in your grade-level stan-
dards? Are you interested in how preconceived
ideas develop and change across multiple grade
levels in your school whether or not they are
formally taught? Are you interested in whether
students achieved a scientific understanding of
previous grade-level ideas before you introduce
higher-level concepts? Do you have students
who are ready for advanced concepts? We rec-
ommend that you weigh the suggested grade
levels against the knowledge you have of your
own students, your school’s curriculum, and
your state’s standards.

Preface

5. Related Ideas in the National
Standards

This section lists the learning goals stated in the
two national documents generally considered
the national science standards: Benchmarks for
Science Literacy (AAAS 1993) and the National
Science Education Standards (NRC 1996). The
learning goals from these two documents are
quoted here because almost all state standards
are based on them. Also, because the probes
are not designed as summative assessments, the
learning goals in this section are not intended
to be considered alignments but rather ideas
that are related in some way to the probe.

Some targeted probe ideas, such as the
simple machines—related ideas in Section 3,
are not explicitly stated as learning goals in the
standards, but they are clearly related to con-
cepts in the standards that address specific ideas
about forces and energy. The national science
standards do not include simple machines for
the purpose of learning the types and names of
simple machines; instead, simple machines are
used as a context in the standards for impor-
tant learning goals. However, because ideas
such as simple machines often appear in state
standards and are commonly used in curricu-
lum materials, we have included them here as
“Other Topics” (probes #39—#45). When the
ideas elicited by a probe appear to be a strong
match (aligned) with a national standard’s
learning goal, these matches are indicated by a
star symbol (% ). You may find these “matches”
helpful when you are using probes with lessons
and instructional materials that are strongly
aligned to your state and local standards and
specific grade level.

Sometimes you will notice that an elemen-
tary learning goal from the national standards
is included in middle school and high school
probes. This is because it is useful to see the
related idea that the probe may build on from
a previous grade span. Likewise, sometimes a
high school learning goal from the national

Uncovering Student Ideas in Physical Science
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standards is included even though the probe
is designated for grades K-8. This is because
it is useful to consider the next level of sophis-
tication that students will encounter in their
spiraled learning.

6. Related Research

Each probe is informed by research regarding
students’ typical preconceptions about force
and motion. The authors primarily drew on
two comprehensive research summaries com-
monly available to educators: Chapter 15 in
Benchmarks for Science Literacy (AAAS 1993)
and Driver’s Making Sense of Secondary Science:
Research Into Children’s Ideas (Driver et al.
1994). We also examined physics education
research. The research findings will help you
better understand the intent of the probes and
the kinds of thinking your students are likely to
reveal when they respond to them. We encour-
age you to seek new and additional published
research. The Curriculum Topic Study (Keeley
2005) website at www.curriculumtopicstudy.org
has a searchable database to access additional
current research articles on learning.

It should be noted that although many of
the research studies we cite were conducted in
past decades and involved children in other
countries as well as the United States, most of
the results of these studies are considered time-
less and universal. Whether students develop
their ideas in the United States or in other
countries, research indicates that many of
their ideas about force and motion are perva-
sive, regardless of geographic boundaries and
societal and cultural influences.

7. Suggestions for Instruction and
Assessment

A probe remains simply diagnostic, not forma-
tive, unless you use the information acquired
from your students to inform your instruction.
After analyzing your students’ responses, the
most important step is to decide on the stu-

dent interventions and instructional paths that
would work best for you, based on your stu-
dents” thinking. We have included suggestions
gathered from the wisdom of teachers, the
knowledge base on effective science teaching,
research, and our own collective experiences
working with students and teachers. In the
“Suggestions for Instruction and Assessment”
section, you will not find extensive lists of
detailed instructional strategies but rather
brief suggestions for planning or modifying
your curriculum or instruction to help stu-
dents learn ideas that they may be struggling
with. After administering a probe, you may
find that you need to provide an effective con-
text for certain topics or that using a bridging
analogy would work for you and your students.
Effective contexts and bridging analogies are
among the suggestions in this section.
Learning is a very complex process and no
single suggestion will help all students learn.
But formative assessment encourages you to
think carefully about the variety of instructional
strategies and experiences needed to help stu-
dents learn scientific ideas. As you become more
familiar with the ideas your students have and
the many factors that may have contributed to
their misunderstandings, you will identify addi-
tional strategies to teach for conceptual change.

8. References

References are provided for the standards,
research findings, and some of the suggestions
cited in the Teacher Notes. You might want
to read the full research summary or access a
copy of the research paper or resource cited in
the Related Research section.

Introductory Elements of Each
Section

Each of this book’s three sections begins with
three elements.

1. Concept Matrix (pp. 12, 68, and 140).

National Science Teachers Association



The matrix allows the user to see at a
glance what science concepts are related
to each probe and what the most appro-
priate grade level is for using the probe.

2. Related Curriculum Topic Study (CTS)
Guides. This is a list of four or five top-
ics that are covered in the book Science
Curriculum Topic Study: Bridging the Gap
Between Standards and Practice (Keeley
2005) and are related to the probes in that
section. The guides in Science Curriculum
Topic Study were used to inform the de-
velopment of the probes in this book.
For more information on how the guides
themselves were developed, and an ex-
ample of a guide and how it was used
to develop a probe, see the Appendix on
pages Xix—xxi.

3. Related NSTA Press Books, NSTA
Journal Articles, and NSTA Learning
Center Resources. NSTA’s journals and
books are increasingly targeting the ideas
that students bring to their learning. We
have provided a few suggestions for ad-
ditional readings and online resources
that complement or extend the use of
the individual probes and the back-
ground information that accompanies
each probe. These resources can be used
to improve teachers’ content knowledge,
pedagogical content knowledge, and
instructional repertoire. Searching the
Learning Center on the NSTA website
at  hutp:/llearningcenter. nsta.org/?lid=hp

will provide additional resources.

Using the Probes:

Curricular and Instructional
Considerations

Unlike most summative assessments, the
probes in this book are not limited to one grade
level. What makes them interesting and useful
is that they provide insights into the knowl-

Preface

edge and thinking students may acquire as
they progress from one grade span to the next.
Sometimes the same idea comes up at differ-
ent grade levels in a different context. Teachers
in the middle school or high school grades
might ask teachers in the elementary grades
to give a probe to younger students, who may
already have ideas about a particular concept
before they formally encounter the concept
in later grades. Elementary teachers can share
the results with middle school or high school
teachers so those teachers learn the kinds of
ideas younger students have already formed
that may affect their learning of more sophis-
ticated concepts in later grades. Some probes
can be used across elementary, middle school,
and high school grades; others may cross over
just a few grade levels; and a few are designed
specifically for high school physics students
or for elementary students. Teachers from
different grade spans (e.g., in middle school
and high school) with a spiraling curriculum
could administer the same probe and come
together and discuss their findings. To do this,
it is helpful to know what students typically
experience at a given grade span about force
and motion. The instructional and curricular
considerations described in the essays about
force and motion in Benchmarks for Science
Literacy (AAAS 1993) and the National Science
Education Standards (NRC 1996) are summa-
rized below.

Elementary Grades

During the early grades—from preschool
and kindergarten through grade 2—chil-
dren should have many varied opportunities
to observe and describe all kinds of moving
things. They should be encouraged to ask
questions such as, Does it [an object] move
in a straight line? Does it move fast or slow?
How far will it move? What direction will it
move in? Where does its motion start? Where
does its motion end? How can I make it move

Uncovering Student Ideas in Physical Science
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(including using magnets to make things move
without touching)? How can I change the way
it moves? Teachers should encourage the chil-
dren to investigate their questions by record-
ing and drawing what they see.

This is also the time when young children
should be developing the descriptive language
needed to describe motion and position, using
terms such as straight, zigzag, round and round,
back and forth, fast and slow, up, down, in front,
and behind. They should also have oppor-
tunities to use simple measurement devices,
including ones they create, and be introduced
to techniques to measure distance and time.

During the intermediate grades (grades
3-5), students should continue describing
motion. They should also sharpen their mea-
surement skills, becoming more quantitative
in their measurements. Their descriptions and
drawings will become much richer and more
detailed than in their early days in school.
They should become increasingly familiar
with techniques and units for measuring dis-
tance, time, and speed. Varied opportunities
should be provided to manipulate objects by
pushing, pulling, throwing, dropping, sliding,
and rolling. Students in grades 3—5 should also
become increasingly facile with measurement
tools such as rulers, tape measures, clocks, and
stopwatches. Recording motion data and look-
ing for patterns on simple grids and graphs
should be integral parts of the curriculum. By
the end of fifth grade, students should be able
to describe speed as the distance traveled in a
given unit of time.

This idea that forces can move things at a
distance without objects touching is further
developed in grades 3-5 as students inves-
tigate pushes and pulls using magnets and
electrically charged objects. Through these
experiences, they begin to work out some of
the general relationships between force and
a change in motion. They should investigate
and experience a variety of forces. During this

grade span, most students internalize a force as
a push or pull of one thing on another, a pre-
requisite to the notion of interactions.

Early notions about gravity develop before
students are ever introduced to the word. In
the early years, they observe that things fall
downward if there is nothing to hold them up.
In grades 3-5, they develop the notion that
things fall or remain on the ground because
the Earth pulls on them. During these years,
students have many experiences balancing
objects and begin to recognize quantitative
aspects of balancing.

Middle School

Students continue describing motion, with
increasing attention to appropriate scientific
terminology. Using simple objects, such as roll-
ing balls and mechanical toys, students move
from qualitative to quantitative descriptions of
motion and describe the forces acting on the
moving objects. Given opportunities to see the
effect of reducing friction, they can begin to
imagine a frictionless situation when describ-
ing motion. At this level, students move from
thinking about motion in terms of motion-or-
no-motion to categorizing motion as steady
motion (e.g., constant speed, uniform motion),
speeding up, and slowing down. They perform
basic calculations to determine speed and rec-
ognize the difference between speed in a single
moment of time versus average speed.

This is a time to connect students’ learn-
ing in mathematics to applications in science
because a conceptual and procedural under-
standing of ratio and proportion is important
to quantitatively describing motion. In mid-
dle school, students transition from thinking
about just speed, to speed and direction, using
the term wvelocity. (Note: Acceleration is a diffi-
cult concept at this level and is not emphasized
in the grade-level standards.) Students become
more skilled and precise in their use of mea-
surement tools and techniques, including the
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use of computer probeware to analyze motion.
Representations such as motion diagrams and
graphs should be used to encourage students to
analyze and communicate motion data.

The relationship between force and motion
is further developed at this grade level. Stu-
dents become familiar with the concept of
inertia and seem to have little problem with
believing an object at rest tends to stay at rest
unless acted upon by an outside force. They
can relate everyday phenomena to this idea.
However, they have a difficult time accept-
ing the idea that an object in motion will keep
moving unless a force is applied to it. The more
experiences students have seeing the effect of
reducing friction and discussing it, the easier
it may be to get them to accept the idea that a
moving object will keep moving in a friction-
less environment.

Students should now develop the notion
of balanced and unbalanced forces and should
have ample opportunity to describe the forces
acting on objects. Instruction should include
opportunities to think about both active and
passive forces because students at this age tend
to equate force with motion and may think
there is no force acting on an object that is not
moving, such as a book on a table.

The notion of gravitational force is intro-
duced at this level. Students move beyond ter-
restrial gravity to realizing that gravity applies
to all matter everywhere in the universe. They
also move beyond thinking about the Earth
pulling to the idea of gravity as a force directed
from Earth’s center. They also begin to learn
qualitatively that gravitational force depends
on the size of the masses and the distance
between them.

Overall, the concrete experiences students
have in middle school with identifying forces
and describing motion provide the foundation
on which a more comprehensive and detailed
understanding of force and motion will be

developed in high school.

Preface

High School

In high school, students learn to use more
sophisticated mathematics to represent vari-
ous motions, a field of study within phys-
ics called “kinematics.” However, students
need explicit help to maintain a connection
between these representations and the actual
motion. Position, velocity, and acceleration
graphs are an integral part of their learning,
and students spend time thinking deeply
about the differences between a quantity and
a change in that quantity. At this level, stu-
dents realize the power of mathematics in
describing and representing real-world phe-
nomena and are expected to be able to calcu-
late and then interpret the slope of a graph.
Motion detectors are frequently used to help
students learn these concepts. These detectors
provide real-time graphs of the motion of an
object (such as a walking student) and can be
a significant benefit to those who struggle to
understand the connection between a graph
and the motion.

In addition to graphs, students are also
introduced to vectors (arrows) as a way to
represent position, velocity, and acceleration.
Although this representation can be very use-
ful, vectors can also be difficult to understand
because the length of each vector (an arrow)
can represent different quantities (such as the
speed or the acceleration of the object). At a
basic level, students can learn how to add and
subtract vectors graphically, while students
with the prerequisite mathemartics skills and
conceptual understanding can learn to use
trigonometry to analyze vector components.

An understanding of vectors and motion
graphs is then typically applied to objects that
are moving in two dimensions, such as pro-
jectile or circular motions. One increasingly
popular method of collecting data of objects
moving in two dimensions is to use video cam-
eras. The short film clips can be imported into
a computer and used to measure the position
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of the object as a function of time and to gen-
erate motion graphs.

After students have a firm understanding
of kinematics, the topics of dynamics are typi-
cally introduced. Dynamics includes the study
of forces (Newton’s three laws), momentum,
energy, and rotations. Students learn how to use
their understanding of motion to infer the pres-
ence of a net force (when there is a change in
the velocity of an object) and to infer changes
in mechanical energy. Mechanical energy is
the combination of kinetic energy (energy of
motion) and gravitational potential energy
(energy related to the location of the object
near other masses like the Earth). Forces that
are applied to an object and result in the object
moving can cause a change in these energies.

One of the primary problem-solving tools
introduced in high school physics courses is the
free-body diagram. The purpose of this diagram
is to indicate all the forces acting on a single
object. Each force on the diagram is represented
by an arrow (or vector) that shows the size of
the force (by the length of the arrow) and the
direction in which the force is acting. Adding
the forces (to determine the net force) requires
that students take the directions of each force
into account. Mathematically, this requires stu-
dents to add or subtract vectors, which is differ-
ent than adding or subtracting numbers.

After developing an understanding of forces,
students learn to apply these ideas in increas-
ingly more difficult contexts. A context would
include systems with multiple objects that inter-
act, including the analysis of collisions, and
systems that rotate. The analysis of collisions
requires an understanding of Newton’s third
law, which lies at the foundation of the principle
of the conservation of momentum. Objects that
rotate provide a context for students to revisit
kinematics and dynamics using angular quan-
tities, such as angular velocity, angular accel-
eration, and torque. In addition, many physics
courses contain a separate unit on gravity. This

unit typically includes the introduction to the
universal law of gravity and the study of plan-
etary motions using Kepler’s laws.

Students need these multiple contexts to
gain a deeper understanding of the fundamen-
tal principles of force and motion. Many physics
teachers encourage or require students to pur-
sue research projects or to conduct independent
experiments. One such area that is rich in pos-
sibilities is the study of simple machines. Study-
ing simple machines gives students practice in
identifying forces and analyzing motions in
situations that include levers, pulleys, and gears;
they also explore the conditions required for
static equilibrium (balancing).

It should be noted that although the
sequence of ideas we describe is very common
to most high school physics courses, variabil-
ity does exist. One variation is to introduce the
concept of energy prior to the concept of force.
Another variation is the “physics first” program,
with physics being taught in ninth grade, fol-
lowed by chemistry and biology. If this sequence
is adopted, it is generally recommended that the
physics course focus more on concept develop-
ment and experimental methods than on tra-
ditional problem solving that requires a more
sophisticated understanding of mathematics.

Formative Assessment
Reminder

Now that you have the background on this new
series and this book, let’s not forget the forma-
tive purpose of these probes. Remember—a
probe is not formative unless you use the infor-
mation from the probe to modify, adapt, or
change your instruction so that students have
increased opportunities to learn the important
ideas related to force and motion. As a compan-
ion to this book, NSTA has co-published the
book Science Formative Assessment: 75 Practical
Strategies for Linking Assessment, Instruction,
and Learning (Keeley 2008). In this book you
will find strategies to use with the probes to
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facilitate elicitation of student thinking, sup-
port metacognition, spark inquiry, encourage
discussion, monitor progress toward concep-
tual change, encourage feedback, and promote
self-assessment and reflection. We hope these
probes and the techniques you can use along
with them will stimulate new ways of assessing
your students, create conducive environments
for learning, promote richer discussions, and
help you discover and use new knowledge
about teaching and learning,.
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Appendix

The book Science Curriculum Topic Study: Bridging

the Gap Between Standards and Practice (Keeley

2005) describes the process for creating a standards-

based and research-informed assessment probe. The

book is made up of 147 single-page curriculum topic

study (CTS) guides intended for science educators

to use to

e learn more about a science topic’s content,

e cxamine instructional implications,

e identify specific learning goals and scientific
ideas,

e examine the research on student learning,

e consider connections to other topics,

e examine the coherency of ideas that build over
time, and

e link understandings to state and district
standards.

The CTS guides use national standards
(Benchmarks for Science Literacy [AAAS 1993] and
the National Science Education Standards [NRC
1996]) and research (Driver et al. 1994 and others)
in a systematic study process that deepens teach-
ers’ understanding of particular science topics. For
example, Figure 1 (p. xx) shows a CTS guide that
was used to study the topic of gravitational force.
Then, as shown in Figure 2 (p. xxi), the resources in
that guide were used

to create a probe on
gravity.

In Figure 2,
the ideas from the
standards in the

left-hand
in bold type were

column

matched with com-
monly held student
ideas as cited in the
research. These ideas
are in the right
hand column, also
in bold type. Then,

based on the infor-
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Figure 1. Curriculum Topic Study (CTS) Guide: Gravitational Force

Source: Keeley, P. 2005. Science curriculum topic study: Bridging the gap

between standards and practice. Thousand Oaks, CA: Corwin Press and

Arlington, VA: NSTA Press.

mation in this chart, the probe “Gravity Rocks!”
on page 171, for example, was developed to see
whether students recognize that gravitational force
decreases with distance from the Earth’s surface
and whether students confuse gravitational poten-
tial energy with gravitational force. This process
was generally used throughout this volume, with
additional research derived from physics education
research.

Science Curriculum Topic Study was developed
as a professional development resource for teachers
with funding from the National Science Founda-

tion’s Teacher Professional Continuum Program.
The book is accompanied by A Leader’s Guide to
Science Curriculum Topic Study (Mundry, Keeley,
and Landel 2009). The leader’s guide includes a
workshop model and a CD-ROM of resources,
templates, tools, and PowerPoint slides for lead-
ing a professional development session on how to
create a probe. After using the probes in the pres-
ent book, you might like to try to create your own
probe using the curriculum topic study (CTS)
guides/topics on at the beginning of each section
in this book (pp. 12, 68, and 140).
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Figure 2. Curriculum Topic Study (CTS) Chart for Developing a Probe on Gravity*

CTS Section Il
(K-12 Concepts and Specific Ideas)

CTS Section IV
(K-12 Research on Learning)

Gravity

e Things near the earth fall to the ground
unless something holds them up.
BSL K-2

e The earth’s gravity pulls any object on or

near the earth toward it without touching it.

BSL 3-5

Every object exerts gravitational

force on every other object. The force
depends on how much mass the objects
have and on how far apart they are. The
force is hard to detect unless at least
one of the objects has a lot of mass.
BSL 6-8

The sun’s gravitational pull holds the
earth and other planets in their orbits,
just as the planets’ gravitational pull
keeps their moons in orbit around them.
BSL 6-8

Gravity is the force that keeps planets
in orbit around the sun and governs the
rest of the motion in the solar system.
Gravity alone holds us to the earth’s
surface and explains the phenomena of
the tides. NSES 5-8

Gravitational force is an attraction
between masses. The strength of the
force is proportional to the masses
and weakens rapidly with increasing
distance between them. BSL 9-12

Gravitation is a universal force that
each mass exerts on any other mass.
The strength of the gravitational
attractive force between two masses

is proportional to the masses and
inversely proportional to the square of
the distance between them. NSES 9-12

Gravity

e Elementary students typically do not see gravity as a force.
They see the phenomenon of falling as ‘natural’ with no need to
attribute it to force. BSL

o Some high school students believe gravity increases with height
above earth’s surface or are not sure whether the force of gravity
would be greater on a wooden ball or lead ball of the same size.
BSL

e High school students have difficulty conceptualizing gravitational
forces as interactions and that the magnitudes of the gravitational
forces that two objects of different mass exert on each other are
equal. BSL

e Children’s ideas about Earth’s gravity depend on their conception
of a spherical earth and how ‘down’ is interpreted. MSSS

e Holding, rather than pulling, seems to be a common perception of
gravity bound up with the idea of gravity being associated with air
pushing down and an atmosphere of air that prevents things from
floating away. MSSS

e Only some objects exert gravitational force and gravity only affects
heavy things. MSSS

e Earth’s magnetism and spin are associated with gravity. MSSS

o Some students confuse gravity with potential energy in
assuming a higher force of gravity at higher heights. MSSS

e ...There is no force of gravity in water which is why things float,
there is less gravity in water, there is gravity in water but it acts
upward, or gravity only acts on the parts of the body above the
surface of the water. MSSS

e Some students think gravity only applies to objects on earth.
MSSS

e Gravity as ‘molecules of gravity’ in air. MSSS

*The ideas from the standards in the left-hand column in bold type were matched with commonly held student
ideas as cited in the research. These ideas are in the right-hand column, also in bold type.

BSL= Benchmarks for Science Literacy (AAAS 1993)
NSES= National Science Education Standards (NRC 1996)
MSSS= Making Sense of Secondary Science (Driver et al. 1994)
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Introduction

Force and Motion:

Research, Teaching, and Student Ideas

We are convinced that the more

probes that teachers use, the

sounder their appreciation of

their students’ understanding,

the more interesting they and
their students will find their
teaching, and the better will be

the learning that follows.

—Richard White and Richard Gunstone
Probing Understanding

There is little doubt that the topics of force and
motion present difficult challenges for both
students and their teachers. Students have had
more direct, personal experience with the ideas
of force and motion than they have had with
perhaps any other topics in the science cur-
riculum; thus, they often come to class with
fully formed and strongly held beliefs. Not all
of these beliefs are consistent with a scientific
view, however. When teachers take deliberate
actions to understand what students believe,
and why, they are taking an important first step
toward improving their teaching practices.

Historical Background

Swiss child psychologist Jean Piaget identified
some of these difficulties with the concepts of
force and motion in interviews with children
over a half century ago (Inhelder and Piaget
1958). During interviews on a task identified
as “Conservation of Motion in a Horizontal
Plane,” he found that “the subject provides
contradictory explanations: Light balls go far-
ther because they are easier to set in motion.
Larger ones go father because they are stron-
ger. There is an absence of laws.” In the late
1950s and early 1960s, curriculum develop-
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ers and researchers such as Robert Karplus,
Arnold Arons, and others made use of the
work of Piaget and developed science curricula
using various conceptual change models bor-
rowed from cognitive psychologists. Even as
curricula have evolved over the decades since
the 1960s, however, student difficulties persist
and teachers who listen carefully will still hear
the echoes of Piaget’s young research subjects
(Arons 1977; Karplus and Thier 1967).

In addition to numerous mathematical
difficulties that students experience in describ-
ing motion (a field of study called kinemat-
ics), deep conceptual difficulties also exist.
Extensive interviews with students and expe-
riences in the classroom have helped teachers
and researchers develop a better understand-
ing of these conceptual difficulties. The results
from this work have been used to create vari-
ous diagnostic tests, primarily for secondary
students and undergraduates, including the
commonly used Force Concept Inventory
(Hestenes, Wells, and Swackhamer 1992) and
the Mechanics Baseline Test (Hestenes and
Wells 1992) as well as parts of the physics
Diagnoser project (FACET Innovations 2008)
and the Force and Motion Conceptual Evalu-
ation (Thornton and Sokoloff 1998).

Why Students Have Difficulties
With Force and Motion
Concepts

What is the source of these difficulties and why
are they so persistent? One area that seems to
underlie many of the problems is related to a
person’s ability to differentiate between a quan-
tity and a change in that quantity. For example,
understanding the difference between height
(a quantity) and rate of growth (a change in
that quantity) is similar to understanding the
difference between position (a quantity) and
speed (a change in that quantity). Perhaps the
most difficult ratio for students to understand
in the study of motion is the ratio we call accel-

eration (the change in velocity in one unit of
time). Acceleration involves a rate of change of
a quantity that is itself a rate (i.e., the rate of a
rate). The fact that a child’s growth rate can be
decreasing while the child continues to grow
taller is as difhicult for students to grasp as the
idea that acceleration can be decreasing even as
the object continues to speed up (Arons 1983,
1984a, 1984b).

In addition to the difficulties students have
with ratios and proportional reasoning, many
students hold deeply ingrained beliefs about
the nature of force. Their difficulties may be
semantic and inadvertently reinforced by com-
monly used phrases such as, “I will force you
to...,” “may the force be with you,” or “the force
of gravity.” The use of the word force in these
statements implies that force is an object or a
property of that object rather than an interac-
tion between objects (the scientific definition).
Teachers can help even our youngest students
by making sure they use the word force as a
description of an interaction, rather than as a
property of a single object (Touger 1991).

Many students are also deeply committed
to the idea that motion does not happen with-
out a cause. However, in nature, it is only the
change in motion that demands a causal inter-
action and not motion itself. This is highly
counterintuitive because in our everyday expe-
riences we rarely experience the absence of
interactions (forces). The change in motion of
an object is a result of unbalanced forces, and
constant motion is the result of balanced forces
or the absence of interactions altogether (no
forces acting). In the case of constant motion,
one of the forces is often “hidden” in the inter-
action that we call friction. This misleads us
to think that the active force (such as a push
from the hand acting on the object) is the only
force acting. If an object is sliding on a surface,
when the hand stops pushing, then the object
slows down and stops. This slowing is a result
of the friction interaction by the surface act-
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ing on the object. However, students rarely, if
ever, experience what happens when the hand
is removed and here are no other forces acting.
In this case, the object would continue mov-
ing in a straight line, neither speeding up nor
slowing down indefinitely (or until the object
interacts with another object).

One of our goals should be to move stu-
dents from what is called Aristotelian thinking
(motion implies force) to Newtonian think-
ing (change in motion implies an unbalanced
force). Researchers have found that less than
25% of our high school or college physics stu-
dents typically come to our classrooms with a
Newtonian view of forces (Hake 1998). After
instruction, this number typically does not
exceed 50% even though many of these same
students can excel in applying the mathemat-
ics necessary to solve traditional problems. This
evidence suggests that it is important to help
even our youngest students develop an under-
standing of force as an interaction between two
objects—in place of their misunderstanding
that it is a property of, or an action caused by,
a single object.

Common Instructional
Difficulties Related to
Teaching About Gravitational
Interactions

The subtleties related to understanding gravita-
tional interactions also can present challenges
to both teachers and their students. These dif-
ficulties can be categorized into three major
areas: (1) understanding the nature or cause
of gravity, (2) understanding the difference
between weight and mass, and (3) understand-
ing the motion of falling objects.

The Nature or Cause of Gravity

One of the best examples of how to elicit stu-
dent ideas related to the cause of gravity comes
from the research of a former high school
physics teacher and current senior research sci-
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entist and co-founder of FACET Innovations,
Jim Minstrell (Minstrell and Kraus 2005).
Minstrel showed his students a small weight
hanging from a spring scale. He then placed
the scale with the weight inside a bell jar. A
bell jar is a large glass dome that is sealed at the
bottom. A pump is then used to remove the air
from the inside of the jar. Minstrell asked his
students to predict what would happen to the
scale reading as air was removed from inside
the jar. The results were striking: A large num-
ber of students believed that the scale reading
either would be reduced or would go to zero as
the air was removed! Children’s books, such as
one of the books in the popular Magic School
Bus series (Cole and Degen 1990) show astro-
nauts who appear “weightless” when they leave
their space ship. These images inadvertently
reinforce incorrect ideas about the relation-
ship between gravity and atmosphere. It also
does not help when terms such as weightless
and zero gravity are used in common (nonsci-
entific) speech. It can be difficult to help stu-
dents understand that “gravity” is the name we
give to a universal interaction between any two
masses and that this interaction happens “at
a distance”—meaning the objects do not have
to touch.

Understanding the Difference Between
Weight and Mass

Perhaps the most difficult (and contentious)
idea for students to understand is the differ-
ence between weight and mass. To further
complicate matters, even scientists do not
always agree on how to define these words. For
example, in Europe, scientists define weight
as the force needed to hold you up (such as
the reading on a bathroom scale). Using this
definition, an object that is not being held
up (e.g., when an object is in free fall) would
be called weightless. Astronauts circling the
Earth would be described as weightless using
this definition.
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However, in the United States, scientists
define weight as the gravitational force. A bath-
room scale can indicate your weight but only if
the scale itself is not accelerating. For example,
if you weigh yourself on a scale inside an eleva-
tor that is speeding up (while the elevator is
going upward), the scale would read more than
your actual weight, but less than your actual
weight when the elevator slows down. In the
United States, this reading would be called
your “apparent weight.” Defining weight as
the gravitational force also means that a per-
son is never “weightless” because gravity is a
long-range force that does not require con-
tact. Astronauts in the Space Shuttle may feel
weightless, but there is still gravitational force
acting on them by the Earth. This gravitational
force (called their “weight” by those in the
United States) is why the astronauts move in
a circular orbit around the Earth. You can see
why these ideas can easily confuse students!

To avoid these difficulties, we can introduce
students to a different concept called mass,
which is a property of matter. (Don’t worry,
this definition is agreed upon by all scientists!)
This property is the same regardless if you are
in an elevator, on the Moon, or in orbit.

One way to help students understand the
difference between these concepts is to use a
spring scale to find the weight of an object and
to use a balance to find the mass of an object.
A spring scale will have a smaller reading on
the Moon than on the Earth (the object will
weigh less on the Moon). However, if an object
can balance 10 g of mass on the Earth, then it
will also balance the same 10 g on the Moon.

Scientists try to keep these ideas separate
by using different units for mass and weight. In
the metric system, mass is measured in grams or
kilograms and weight is measured in newtons.
In the English system of measurement, weight
is measured in pounds and mass is measured
in “slugs.” To further complicate matters, the
word slug is so uncommon that food packag-

ers prefer to mix the units, often equating
weight units (like pounds or ounces) to mass
units (like grams or kilograms). If you look at
a scale in the produce section of a supermar-
ket, you will see that both pounds and ounces
and grams and kilograms are used. If your stu-
dents struggle with these ideas, tell them they
are not alone. Several years ago NASA lost a
very expensive satellite that did not go where
NASA wanted the satellite to go. After a lot of
troubleshooting, NASA identified the problem:
Software engineers had used units of pounds
(the gravitational force acting on a mass of one
slug) while scientists had used units of newtons
(the gravitational force acting on a mass of one
kilogram)! In other words, one NASA team
had used metric units and another had used
English units in their calculations and no one
noticed until it was too late.

Understanding the Motion of

Falling Objects

Galileo discovered a very important physical
principle: Gravitational force is directly pro-
portional to the mass of an object. This means
that an object with twice the mass of another
object will also weigh twice as much as that
object. According to some accounts, Galileo
discovered this by dropping cannonballs with
different masses off the Tower of Pisa. He
noticed that the more massive ball reached the
ground at about the same time as a less massive
ball; therefore, the force on the more massive
ball must be more than the force on the less
massive ball. (If the forces were the same, then
the less massive ball would reach the ground
first!)

Why is this idea difficult for our students
to accept? Because when our students drop
objects, the objects will likely NOT reach the
ground at the same time—the more massive
object will reach the ground first. Skydivers,
skiers, and bikers are all aware of this fact—
that is, the heavier you are, the faster you go. So
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who is correct? You can see why students start
to think that the science we teach them is not
only irrelevant, but also incorrect. The answer
is that objects only fall with the same accelera-
tion in the absence of air resistance or friction.
Experienced physics teachers learn to minimize
the effect of air resistance by using small heavy
objects and dropping them only a short dis-
tance. It is not clear if this strategy is successful
for all students because many will walk away
wondering why experiments in science class
conflict with their everyday experiences.

Stepping-Stones: Emerging
Concepts and Language
There are many challenges to teaching science,
but one of the most difficult choices we face
as teachers is to know when to accept a child’s
emerging concept, called a stepping-stone, in
place of a scientific idea that most scientists
would agree is important and correct from a
scientific point of view. Stepping-stone con-
cepts are actually central to effective learning,
yet they are not always what come to the minds
of physicists when they are asked about impor-
tant ideas in physics. In a recent symposium at
the National Academies of Science, at which
a reorganization of K-12 science education
around core science ideas was being consid-
ered, it was proposed that candidates for core
ideas include both stepping-stone ideas as well
as scientific ideas (Wiser and Smith 2009).
When looked at through the eyes of more
advanced students, some of young children’s
emerging ideas could be judged as being incor-
rect or downright wrong. For example, when is
F_ . = ma a correct statement of Newton’s law
of motion? We know that this is true only when
several assumptions are made, such as when
applied to a system whose mass is not changing
or a system that is not moving too fast (rela-
tive to the speed of light). However it would be
misleading to claim that 7 = ma is wrong. At
some point we should teach our students that all
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of the relationships we use to describe nature are
in fact models that provide only an approxima-
tion of what we can observe directly.

Teachers are often unsure about when
to use the word weight and when to use the
word mass with their students. For older stu-
dents, this distinction is important and we
often attempt to correct students who misuse
these terms. However, the use of the word
weight in younger grades should be considered
a stepping-stone concept (matter has weight)
preceding the core scientific idea that matter
has mass. Younger students often mistake the
word mass with the phonetically similar word
massive and further confuse their understand-
ing of mass with the concept of volume.

Other stepping-stone concepts are related
to the use of the word distance in place of posi-
tion or displacement and the use of the word
time when we really mean time interval. Both
of these concepts merge when we choose zero
time and zero position as our starting points
(as is common in math textbooks). Older
students often confuse these concepts, so it
is tempting to differentiate these ideas at a
young age. However, it is our experience that
it is best to wait to differentiate between these
concepts until early middle school.

Several learning progressions are cur-
rently being investigated in the physical sci-
ences. Learning progressions are defined as
“descriptions of the successively more sophis-
ticated ways of thinking about a topic that
can follow one another as children learn about
and investigate a topic over a broad span of
time” (NRC 2007, p. 214). Because learning
progressions are empirically tested, they will
provide the much-needed research to help
teachers decide when to use a stepping-stone
in lieu of a core scientific idea.

In constructing the probes in this book,
we have tried to follow this guide: We gener-
ally use the words weight, distance, and time
in probes designed for younger students while
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we use mass, position, displacement, and time
interval in probes for older students. However,
we encourage teachers to use those terms that
best match their own learning goals regardless
of the wording that was chosen for any indi-
vidual probe.

Implementing the Force and
Motion Probes

The probes in this book can be used as windows
into student thinking before, during, or after
instruction. It should be noted that if a probe is
used before instruction, teachers must carefully
plan their curricula so that, after completing the
probe, students have an opportunity to develop
the relevant ideas. If a probe is administered
before instruction, and there is no immediate
follow-up, students may feel frustrated at not
knowing the “correct answer” and teachers may
feel compelled to provide students with direct
answers without the necessary background
or experiences. If the probes are used during
instruction, the teacher must be sure to present
other activities that reinforce the science con-
cept on which the probe is based. If the probes
are used after instruction, the teacher uses the
information gained from the probes to plan for
further learning opportunities that will help
students who are still struggling with the con-
cept. The advantage of using the probes after
instruction—still formatively and not as sum-
mative assessments—is that students are better
prepared to participate in classroom discussion.
Students must feel comfortable sharing their
ideas in the discussions, and the teacher must
carefully manage the discussions so that all
ideas are valued.

Classroom discussions are also wonderful
opportunities to reinforce the necessary com-
ponents of a scientific explanation when the
teacher requires students to state their claims,
the evidence in support of those claims, and
the explanations that connect the claims to the
evidence (Krajcik et al. 2006). If discussions

are conducted during or after instruction, then
students will have better access to direct evi-
dence to support their claims.

Below are examples of how two probes in
the book could be used as formative assess-
ments both before and after instruction:

(Before Instruction)
Scenario 1: Fifth-Grade Unit on Motion
Using the “Rolling Marbles” Probe (p. 59)

Teacher: Today we are going to be scientists!
We are going to study the motion of a marble
rolling down hills. Let us look at three different
shapes of a hill. Which hill do you think the
marble will get to the bottom of first? Draw

a circle around that hill. Now let’s share with
each other.

Alisha: | think the hill that is a straight line will
be the fastest. This is because the marble has
the shortest distance to travel.

Michael: | don’t know, but | think maybe the hill
that is steep at the end. This is because the
ball will be moving the fastest at the finish line.
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Georgia: | think it might be the hill that is
steep at the beginning because the marble will
start rolling really fast and get ahead of the
other marbles.

Teacher: To be good scientists, we need to
test our ideas, but we have to make sure our
tests are fair. What do we need to do to make
sure our tests are “fair”?

Jimmy: | think they must use the same size
marble.

Lorenzo: And the marbles must start at the
same height!

Mayumi: The hills should be made out of the
same material.

Teacher: Here are three flexible tubes. Work
with your partners and see if you can find out
what shape track will help the marble get to
the bottom first.

(After Instruction)

Scenario 2: Eighth-Grade Physical
Science Class Using the “Finger Strength
Contest” Probe (p. 127)

Introduction

The students have just completed a unit on
Newton’s three laws of motion.

Teacher: What would the length of a stretched
rubber band tell us about the forces acting on
the rubber band?

Willie: If the rubber band is longer, | think that
means there is a greater force.

Teacher: Can you give me an example to
support this idea?

Shirley: Yes. If | pull harder, the rubber band
gets longer ... just like this! [She demonstrates
this to the class with a rubber band between
her fingers.]

Teacher: Because of what Shirley and Willie
described, a rubber band can be used as a
“force meter.”

Teacher hands out the probe called “Finger
Strength Contest.”

Teacher: Please answer the questions as you
can on your own. Try to write an explanation that
cites evidence to support your answer.

When the students have completed the probe,
the teacher collects the results and quickly
scans each paper. She keeps a tally to see how
many students say the change in the length

of the rubber bands will be the same and how
many think the change in the length of each
rubber band will be different. She notices that
more than half the students believe the change
in the lengths of the rubber bands will be
different, a violation of Newton’s third law.

Teacher: The results show us that about half
of you believe that the rubber bands will have
a different length and the other half believes
the rubber bands will have the same length.

| want you to work in groups of three or four
to come up with an explanation for either of
these answers and to find evidence to support
that answer—but don’t actually perform the
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experiment. On your individual whiteboards,
please write your claim at the top, the evidence
to support that claim, and an explanation
(connect the evidence to your explanation).

If you cannot agree as a group, then you may
complete two different whiteboards.

After students complete the task, the teacher
collects the whiteboards and displays them in
front of the room. She arranges the whiteboards
so that they are grouped according to the
explanations and the claims.

Teacher: Let’s look at the evidence that
was used to support your claims. Do | have
a volunteer from each group to describe
the evidence that the groups used in their
explanations?

Michelle: At first we thought the rubber bands
would be different lengths because they pull
with different forces. But then we remembered
the lab we did last week where we attached
two force probes together and pulled on them.
No matter how we pulled, the forces were
equal! So they must be the same.

Dillon: But this just doesn’t make sense to

us. Our evidence is that if you pull twice as
much, the rubber band will stretch twice as
much. So if one person is stronger, then that
person’s rubber band should also stretch twice
as much!

Shemar: Yes, we thought the same thing.

But now we agree with Michelle’s group. This

is also like the spring we put between two
bathroom scales. No matter how much we
pushed on one scale, the other scale would
always have the same reading. So the spring is
kind of like a force equalizer. Even if we try to
pull differently, the forces always equal out.

A Final Caveat: Teachers
Beware!

In choosing the probes in this book, we have
attempted to find examples that connect basic

principles to real-life experiences. However,
there are a few probes that ask students to
imagine an experience that they have never
had—such as living in a world without fric-
tion or one in which there were no other forces
acting on an object. In these cases, we have
tried to be clear by not mixing real-life situ-
ations with these “ideal” frictionless or mass-
less experiences found in a typical physics
textbook. To avoid some difficulties, we rec-
ommend that you be ready to listen to all of
your students’ answers and their explanations
before being too judgmental about what is
right or wrong. Even in the Teacher Notes that
follow each probe, we give a standard scientific
response based on a few simple assumptions.
There may be times when a student may not
make the same assumptions, and although his
or her answer may be different from ours, it
could still be quite correct based on that stu-
dent’s own interpretation of the problem.

We leave you now with the words of the well-
known cognitive psychologist David Ausubel:
“The most important single factor influencing
learning is what the learner knows. Ascertain
this and teach accordingly” (Ausubel, Novak,
and Hanesian 1978). While it is interesting in
and of itself to discover what your students are
really thinking, remember that assessment is
not formative unless you use the information
you have uncovered in the assessment to guide
your instruction and promote learning.
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Concept Matrix
Probes #1-#13

#1 How Far Did It Go?

#3 Following Jack: Part 1
#4 Following Jack: Part 2
#5 Go-Cart Test Run

#6 Checking the Speedometer
#8 Just Rolling Along

#9 Crossing the Finish Line
#10 NASCAR Racing

#11 Roller Coaster Ride
#12 Rolling Marbles

#13 String Around the Earth

#2 Skate Park
#7 Speed Units
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acceleration X
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average speed X

changing speed X

circumference X

clock readings X X

constant speed X X X X X

displacement X
distance X X

graph X X

instantaneous speed X

measurement
position X X X X X X
proportion
ratio X X

speed X

time

time intervals

X | X< |Xx|Xx
X | X< |x<|Xx
X | X< |Xx|Xx

uniform motion X

units X

velocity X X
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Related Curriculum Topic Study
Guides”

Describing Position and Motion

Forces

Graphs and Graphing

Motion

Observation, Measurement, and Tools

*Guides will be found in Keeley, P. 2005. Science
Curriculum Topic Study: Bridging the Gap Between
Standards and Practice. Thousand Oaks, CA: Corwin
Press and Arlington, VA: NSTA Press. Each Curriculum
Topic Study Guide shows the reader how to Identify
Adult Content Knowledge, Consider Instructional
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Standards and District Curriculum.
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How Far Did It Go?

Before the car moves

~ -~ -~ ~ - - ~ -~ ~ ~ ~
e = = = = P -~ & = z Lz

-~ - -~ - ~ ~ ~ ~ - -~ ~
b = - = = d = & = z =

Gracie wants to measure the distance that her toy car travels. She places her car next
to a measuring tape as shown in the first picture. She pushes the car. The second pic-
ture shows how far Gracie’s car traveled until it stopped. Gracie measures the distance

her car moved.

Circle the number of measurement units that best describes how far Gracie’s car

moved.
2
4
6
8

m © 60 W »

10

Describe how you figured out your answer.
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How Far Did It Go?

0

0 0O~
s ~
P

-~ s~
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After the car moves and stops

=y
00~

~ -~
s 7

Purpose

The purpose of this assessment probe is to see
whether students recognize that units of dis-
tance traveled must be measured with a mea-
surement device from the starting point to the
ending point. The probe reveals whether stu-
dents take into account the nonzero origin on
a measurement scale or if they merely read off
the number on the end point.

Related Concepts

distance, measurement, position

Explanation

The best answer is C: 6. The toy car’s starting
point is positioned at the 2-unit mark—that is,
the car did not begin at the zero mark on the
measurement scale. In this probe, distance is
measured from the back of the car at the start-
ing point of 2 units to the back of the car at
the ending point (8-unit mark). The distance
traveled equaled 6 units, between the 2-unit
mark and the 8-unit mark.

-~ ~ ~
= z =

Administering the Probe

This probe can be used with elementary students
who are learning and practicing linear measure-
ment skills. The teacher can model the probe by
using a measuring tape or by drawing a picture
for the students; a class discussion can follow.

Related Ideas in National

Science Education Standards

(NRC 1996)

K-4 Position and Motion of Objects

* An object’s motion can be described by
tracing and measuring its position over
time.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

K-2 Manipulation and Observation

* Measure length in whole units of objects
using rulers and tape measures.

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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Related Research

e Mathematical studies reveal that few chil-
dren recognize that any point on a mea-
surement scale can serve as a starting point.
They tend to read off whatever number is
the end point. Even students up through
fifth grade have been shown to have this
tendency (Lindquist and Kouba 1989).

e When students are asked to measure the
length of an object, they often begin their
measurement on 1 rather than at the 0
point (Rose, Minton, and Arline 2007).

e One of the largest gaps in mathematics
performance between minority students
and Caucasian students is in the area of
measurement (Lubienski 2003).

Suggestions for Instruction and

Assessment

e Give students opportunities to measure
the same length or distance from different
starting points so that they realize that the
units of length or distance are the same,
regardless of different ending points when
the starting point changes.

e Encourage students to focus on the lengths
of the units rather than only on the num-
bers on the measurement scale.

e Encourage students to differentiate between
where an object ends up (i.e., is now) from
how far that object has gone.

e Explicitly point out to students who are
just learning to use rulers and other length
devices where the zero starting point is.
Also, help them understand what the other
markings on a length device, such as a
ruler, represent.

e Consider modifying the probe so that
the starting point is at the l-unit mark.
Because the research indicates that some

students start their measurements on the
1-mark, rather than the 0-mark, a modi-
fied version of this probe may indicate
whether students are using this intuitive,
though incorrect, measurement rule.

e By the end of fifth grade, teachers should
have given students many opportunities
to use different measurement tools, tech-
niques, and units for measuring distance
and time.
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Skate Park

Billy is riding his skateboard in a skate park and comes to a steep hill. He coasts down

the hill and then coasts back up the other side as shown in the picture above. Circle
the phrase that best describes Billy’s motion in each of the labeled (I, IL, III, IV, V)

sections above.

I speeding up
]| speeding up
m speeding up
v speeding up
'/ speeding up

slowing down
slowing down
slowing down
slowing down

slowing down

neither speeding up nor slowing down
neither speeding up nor slowing down
neither speeding up nor slowing down
neither speeding up nor slowing down

neither speeding up nor slowing down

Explain your thinking about how to best describe Billy’s motion at the different sec-

tions of the hill.

Uncovering Student Ideas in Physical Science
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Skate Park

Purpose

The purpose of this assessment probe is to
elicit students’ descriptions of the motion of
an object. The probe uses the context of rolling
down and up a hill to determine if students rec-
ognize when an object speeds up or slows down
or does neither (maintains a constant speed).

Related Concepts
acceleration, changing speed, constant speed,
speed, uniform motion

Explanation

The best I—speeding  up;
[I—speeding  up;  IlI—slowing  down;
[V—slowing down; and V—neither slowing
down nor speeding up (constant speed). As
Billy goes down the hill on the skateboard, he
is speeding up. As he coasts back up the hill,
he will be slowing down. On the level section,
he will eventually slow and come to a stop
if there is friction between the wheels of the
skateboard and the ground. If friction is neg-

answers  are

ligible, then the skateboard will coast without
speeding up or slowing down.

This motion can also be explained using
the concept of energy. As the skateboarder loses
gravitational potential energy (coming down
the hill), he gains kinetic energy (he speeds up).
As he goes back up the hill, the kinetic energy
is transferred to gravitational potential energy
and the skateboarder slows down. On the flat
section, the gravitational potential energy stays
the same, so the skateboarder neither speeds
up nor slows down (as long as the friction force
is negligible).

Administering the Probe

This probe is best used with middle and high
school students. It is designed so that students
will use everyday language like speed up, slow
down, or neither speed up nor slow down before
using technical terms. It can also be used with
elementary students at an observational level by
eliminating section V on the illustration, unless
elementary students have the tools and ability to
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measure uniform motion. If students have pre-
viously encountered the term constant speed and
are familiar with its use, you may substitute it for
neither speed up nor slow down. I students predict
that the skateboarder will slow down in section V
of the illustration, then teachers should probe for
whether they correctly recognize the existence of
a frictional force or if they believe that the motion
just “naturally runs out.”

Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Motions and Forces

* The motion of an object can be described by
its position, direction of motion, and speed.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

6-8 Motion

e An unbalanced force acting on an object
changes its speed or direction of motion

or both.

9-12 Motion

e Any object maintains a constant speed and
direction of motion unless an unbalanced,
outside force acts on it.

Related Research

e Naturally, children’s ideas and descriptions
of motion tend to be less differentiated
than those of a physicist’s. Children tend
to see objects either at rest or moving; they
infrequently focus on the period of change.
They use everyday terms such as going faster
in ambiguous ways, sometimes referring to
the magnitude of the speed of an object
and at other times referring to the speed
increasing with time. For instance, a child
might say that a car is speeding if it is mov-

ing very fast even if the car is not speeding
up (Driver et al. 1994, p. 155).

e Younger children typically start to describe
motion by identifying the direction in
which an object moves, without regard to
the speed of the object. As the sophistica-
tion of their ideas progress, they may use a
“snapshot” description, in which they com-
pare the speed of an object at different loca-
tions or instants. (In a “snapshot” descrip-
tion, students describe what is essentially a
still photograph of an object, without look-
ing at changes.) Eventually, older children
can be led to describe how the speed of an
object is changing at a specific location or
instant (Dykstra and Sweet 2009).

Suggestions for Instruction and

Assessment

e Students should have multiple opportunities
to describe motion in different contexts.

e In middle school, students should move
from qualitative to quantitative descriptions
of moving objects (NRC 1996). Encourage
students to come up with methods to mea-
sure whether an object’s speed is increasing,
decreasing, or staying the same.

e Motion detectors connected to comput
ers—or microcomputer-based laboratories
(MBLs)—have been found to be effective in
helping students connect real-world motions
to graphical representations of motion. Stu-
dents can speed up or slow down as they
walk in front of the detector while a graph is
displayed in real time on a computer screen.
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Following Jack: Part 1

Josey and her little brother Jack are walking side by side, eating ice cream cones. Josey
stops to talk to a friend. While she is talking, Jack’s ice cream cone starts to drip at a
steady rate as Jack walks away. When Josey finishes talking to her friend and realizes
that Jack is no longer next to her, she looks down and notices these drops of ice cream

on the ground from Jack’s ice cream cone:

Josey needs help figuring out how Jack was moving (walking) while she was talking. If
Josey follows the drips, what can they tell her about Jack’s motion? Circle the answer
that best shows how Jack moved (walked) while Josey stopped to talk to her friend.

A 'The drips show that Jack started walking really slowly and then went faster and
faster.

B The drips show Jack started out walking really fast and then slowed down and

went slower and slower.

C 'The drips show that Jack started out walking slowly, then walked faster and con-

tinued to walk at that same speed.

D The drips show that Jack started out walking fast, slowed down, and then contin-
ued to walk at that same, steady speed.

Explain your thinking. Provide an explanation for your answer.
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Following Jack: Part 1

Purpose

The purpose of this assessment probe is to iden-
tify how students interpret a motion diagram
and whether they have an operational under-
standing of the concept of speed. The probe is
designed to show whether students can inter-
pret the intervals (i.e., the spaces between the
dots) and distinguish between slow versus fast
speed and increasing speed versus constant
speed using a motion diagram.

Related Concepts
constant speed, distance, position, time, time
intervals, speed, uniform motion

Explanation

The best answer is C: The drips show that
Jack started out walking slowly, then walked
faster and continued to walk at that same
speed. Because each pair of dots—that is, a
set of two dots; the distance between each
two dots shows how far Jack traveled in one

unit of time—represents the same time inter-
val, Jack did not travel far when the dots are
closer together. This means he started by mov-
ing very slowly. As the dots get farther apart,
Jack was increasing his speed. When the dots
become equally spaced apart, Jack was travel-
ing the same distance in the same amount of
time. This means he started to move at a con-
stant and unchanging speed.

Administering the Probe

This probe can be used before or after middle
and high school students have been intro-
duced to ticker tape—types of representations.
Although ice cream may not normally drip at
a steady, constant rate, for the purpose of this
probe, make sure students recognize that the
drip time intervals are the same. You may want
to use an arrow pointing to the increasingly
spaced dots to indicate the direction in which
Josey’s brother is walking.
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Related Ideas in National

Science Education Standards

(NRC 1996)

K-4 Position and Motion of Objects

e An object’s motion can be described
by tracing and measuring its position
over time.

5-8 Motions and Forces
* The motion of an object can be described by
its position, direction of motion, and speed.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

K-2 Motion

e Things move in many different ways, such
as straight, zigzag, round and round, back
and forth, and fast and slowly.

3-5 Models

*  Diagrams, sketches, and stories can be used
to represent objects, events, and processes
in the real world.

6-8 Communication

e Students should understand writing that
incorporates circle charts, bar and line
graphs, two-way data tables, diagrams,
and symbols.

6-8 Displacing the Earth From the

Center of the Universe

* The motion of an object is always judged
with respect to some other object or point.

Related Research

e Naturally, children’s ideas and descriptions
of motion tend to be less differentiated
than those of a physicist. They tend to see
objects either at rest or moving. The period

of change is less frequently focused on by
children. They use everyday terms such as
going faster in ambiguous ways, sometimes
referring to the magnitude of the speed of
an object and at other times referring to
the speed increasing with time (Driver et
al. 1994, p. 155).

e A similar task, called the “Ticker-Tape
Puzzle,” was used in the 1970s to identify
student levels of reasoning from concrete
to formal operational (Fuller, Karplus, and
Lawson 1977).

Suggestions for Instruction and

Assessment

e To create their own motion graphs, stu-
dents, while walking, can drop beans,
small rocks, or other objects in equal time
intervals as they speed up or slow down.

e Motion diagrams can be generated with
time-lapsed strobe photographs (also avail-
able on the internet) or by using a ticker
tape, a timer, and a long strip of paper.

e Provide students with different ticker
tape—type motion diagrams and ask them
to interpret the motions.

e Use the probe “Following Jack: Part 2,
page 27, to determine whether students
can translate a ticker tape representation of
motion into a graph.
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Following Jack: Part 2

Josey and her little brother Jack are walking side by side, eating ice cream cones. Josey
stops to talk to a friend. While she is talking, Jack’s ice cream cone starts to drip at a
steady rate as Jack walks away. When Josey finishes talking to her friend and realizes
that Jack is no longer next to her, she looks down and notices these drops of ice cream

on the ground from Jack’s ice cream cone:

Josey needs help figuring out what Jack was doing. Which of the following position

versus time graphs best shows how Jack moved (was walking) while he was eating his

ice cream cone? Circle the letter of the best graph.

1
1

=
i

Explain your thinking. Describe how the graph you chose best matches Jack’s motion.
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Following Jack: Part 2

Purpose

The purpose of this assessment probe is to
determine whether students can translate a
motion diagram into a graph—a position ver-
sus time graph—to represent the motion of a
moving object.

Related Concepts
constant speed, distance, graph, position, time,
time intervals, speed, uniform motion

Explanation

The best answer is graph D. The steepness of
the curve on a position versus time graph indi-
cates the speed of an object. Graph D starts out
almost flat (slow), as indicated by the closely
spaced dots in the illustration on page 27. It
then slightly curves to show how Jack speeds
up as the dots spread out more within each
interval. Finally, the graph becomes a straight
line showing that Jack’s speed eventually does
not change (does not speed up or slow down).

Administering the Probe

This probe is best used with middle and high
school students. It should be given after stu-
dents have had an opportunity to qualitatively
describe the representation on probe #3. Note
that in physics, these graphs are typically
referred to as position versus time graphs.
However, in most middle school curriculum
materials, these graphs are commonly referred
to as distance versus time graphs. See the sec-
tion on stepping-stone concepts in this book’s
introduction, page 5, for a discussion of dis-
tance and position.

Related Ideas in National

Science Education Standards

(NRC 1996)

K-4 Position and Motion of Objects

e An object’s motion can be described by trac-
ing and measuring its position over time.
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5-8 Abilities of Inquiry

* Use appropriate tools and techniques
(including mathematics) to gather, ana-
lyze, and interpret data.

*  Use mathematics on all aspects of scientific
inquiry.

5-8 Motions and Forces
* The motion of an object can be described by
its position, direction of motion, and speed.

9-12 Abilities of Inquiry
e Use technology and mathematics to im-
prove investigations and communications.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

3-5 Models

e Diagrams, sketches, and stories can be used
to represent objects, events, and processes
in the real world.

3-5 Constancy and Change

*  Often the best way to tell which kinds of
change are happening is to make a table or
graph of measurements.

6-8 Symbolic Relationships
*  Graphs can show a variety of possible rela-
tionships between two variables.

9-12 Symbolic Relationships

* Tables, graphs, and symbols are alternative
ways of representing data and relationships
that can be translated from one to another.

Related Research

e A study by Boulanger (1976) found that
training in proportional reasoning resulted
in improved differentiation of speed, dis-
tance, and time among a group of 74 nine-
year-old students (Driver et al. 1994).

e Students often experience difficulty inter-
preting the slope of a graph and sometimes
confuse the height of the graph with the
slope. Many students interpret graphs as
literal pictures rather than symbolic repre-
sentations (McDermott, Rosenquist, and
van Zee 1987).

e Many students interpret distance/time
graphs as the paths of actual journeys
(Kerslake 1981). In addition, students con-
fuse the slope of a graph and the graph’s
maximum or minimum value and do not
know that the slope of a graph is a measure
of rate (McDermott, Rosenquist, and van

Zee 1987; Clement 1989).

Suggestions for Instruction and

Assessment

e Before using this probe, use “Following
Jack: Part 1”7 (pp. 23-26) to determine
how students read a motion diagram.

e Reverse the task and challenge students
to draw a motion diagram, using interval
dots, for each of the four graphs.

e Students need tools to describe motion
appropriately, including relevant vocabu-
lary, graphical representations, and numer-
ical formulas (Driver et al. 1994).

References

American Association for the Advancement of Sci-
ence (AAAS). 1993. Benchmarks for science lit-
eracy. New York: Oxford University Press.

American Association for the Advancement of Sci-
ence (AAAS). 2009. Benchmarks for science lit-
eracy online. www.project2061.orglpublications/
bsllonline

Boulanger, E 1976. The effects of training in the
proportional reasoning associated with the
concept of speed. Journal of Research in Science
Teaching 13 (2): 145-154.

Clement, J. 1989. The concept of variation and mis-
conceptions in Cartesian graphing. Focus on Learn-
ing Problems in Mathematics 11 (1-2): 77-87.

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.

Uncovering Student Ideas in Physical Science



30

Driver, R., A. Squires, P. Rushworth, and V. Wood-
Robinson. 1994. Making sense of secondary
science: Research into children’s ideas. London:
RoutledgeFalmer.

Kerslake, D. 1981. Graphs. In Childrens under-
standing of mathematics, 11-16, ed. K. M. Hart,
120-136. London: John Murray.

Describing Motion and Position

McDermott, L. C., M. Rosenquist, and E. van Zee,
1987. Student difficulties in connecting graphs
and physics: Examples from kinematics. Ameri-
can Journal of Physics 55 (6): 503-513.

National Research Council (NRC). 1996. National
science education standards. Washington, DC:
National Academies Press.

National Science Teachers Association



Describing Motion and Position

Go-Cart Test Run

Position Versus Time
1()\--\‘»

Position

5 10

Jim and Karen have built a go-cart. They take their go-cart for a test run and graph
its motion. Their graph is shown above. They show the graph to their friends. This is
what their friends say:

Bill: “Wow, that was a steep hilll You must have been going very fast at
the bottom.”

Patti: “I think you were going fast at first, but then you slowed down at
the end.”

Kari: “I think you must have hit something along the way and come to a
full stop.”

Mort: “It looks like you were going downhill and then the road flattened out.”

Circle the name of the friend you think best describes the motion of the go-cart,
based on the graph. Explain why you agree with that friend.
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Go-Cart Test Run

Position Versus Time

N

Position
wn

AN

\\

5 10

Time (s)

Purpose

The purpose of this probe is to examine how
students interpret a graphical representation
of motion. The probe is designed to reveal
whether students interpret a motion graph pic-
torially or mathematically.

Related Concepts
clock readings, constant speed, graph, position,
time, time intervals, speed, uniform motion

Explanation

Kari has the best answer: “I think you must
have hit something along the way and come to
a full stop.” The speed of the go-cart is related
to the steepness of the line on the graph.
Between 0 and 3 seconds, the go-cart is mov-
ing at a constant speed. Between 3 and 6 sec-
onds, the go-cart is still moving at a constant
speed, but slower than the previous interval.
Between 6 and 7 seconds, the go-cart is mov-
ing at a slower steady speed. From 7 seconds

on, there is no change in position. The go-cart
has stopped.

A graph can also be interpreted by the slope
of the lines. A straight line with a steep slope
indicates constant motion at a greater speed
than a straight line with a more gradual slope.
When the line on a graph is horizontal, that
means that as time goes by, the position of an
object is not changing. The horizontal line on
this graph means that the go-cart stops at the
end of the motion.

Administering the Probe

This probe is appropriate for middle school stu-
dents and high school students. You may adapt
the probe by eliminating the answer choices
and having students “tell the story” indicated
by the graph. For students who may be unfa-
miliar with position versus time graphs, it may
be helpful to describe the y axis as the milepost
or distance marker.
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Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Abilities of Inquiry

* Use appropriate tools and techniques
(including mathematics) to gather, ana-
lyze, and interpret data.

*  Use mathematics on all aspects of scientific
inquiry.

5-8 Motions and Forces
* The motion of an object can be described
by its position, direction of motion, and

speed.

9-12 Abilities of Inquiry
e Usetechnologyand mathematicstoimprove
investigations and communications.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

3-5 Constancy and Change

*  Often the best way to tell which kinds of
change are happening is to make a table or
graph of measurements.

6-8 Symbolic Relationships
*  Graphs can show a variety of possible rela-
tionships between two variables.

9-12 Symbolic Relationships

*  Tables, graphs, and symbols are alternative
ways of representing data and relationships
that can be translated from one to another.

Related Research

e Students of all ages often interpret graphs
of situations as literal pictures rather than
as symbolic representations of the situ-
ations (Leinhardt, Zaslavsky, and Stein

1990; McDermott, Rosenquist, and van
Zee 1987).

e Many students interpret distance/time
graphs as the paths of actual journeys
(AAAS 1993, p. 351). (Note: This study
refers to distance/time graphs, which is the
more common way of labeling graphs with
elementary and middle school students, in
the same way that this probe uses position/
time.)

e Astudy conducted by Kozhevnikov (2007)
showed a correlation between spatial rea-
soning ability and the ability of students to
correctly interpret motion graphs.

Suggestions for Instruction and

Assessment

e Provide multiple opportunities for students
to construct and interpret graphs so that
you can see what students understand or
misunderstand about graphs and graphing.

e Provide students with different types of
motion graphs and have them make up sto-
ries about what the graphs show. Encour-
age discussions about the accuracy of their
stories—that is, do the stories accurately
reflect the information on the graphs? This
strategy, popular in mathematics classes,
can help students overcome the tendency
to view graphs as a literal picture.

e Use motion detectors and students’ real
movements to help students construct a
visual and kinesthetic understanding of
position versus time. MBLs (microcom-
puter-based laboratories) are known to
improve the development of students’
abilities to interpret graphs (AAAS 2001).
MBLs are particularly effective in helping
middle school students understand that a
graph is not a literal picture (Mokros and
Tinker 1987).

e Most middle school science curricula use
distance versus time graphs instead of posi-

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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tion versus time graphs. Although both
types of graphs can be interpreted in the
same way, teachers should help students
understand the distinction between dis-
tance and position. In some textbooks,
distance may mean distance traveled where
position refers to the location of an object. In
some special cases (such as when the motion
starts at zero position) these terms mean the
same thing. However, to avoid confusion,
physics teachers tend to use position, which
has a well-defined meaning.
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Checking the
Speedometer

Maya’s family bought a new car. Her mother asks Maya for help to make sure the
speedometer is working. To check the speedometer, Maya’s mother drives the car
down a long, straight highway. On the side of the highway there is a marker for every
mile. As Maya’s mother drives at a constant speed, Maya writes down the time when
they pass each of the numbered markers. Maya records the information in the data

table shown below.

Place an X next to all of the ways that Maya Time
could use the information in the data table to Mile Marker (hours : minutes)
find the speed of the car:

10 mi 2:00
__ 10/2:00 _ 4/10

2:04/14 1un 11 mi 2:01

__ 14/2:04 ___1/mn 12 mi 2:02
11 a4 13 mi 2:03
_ 4/14 212

14 mi 2:04

None of these ways would work!

Describe your thinking about how you can find the speed of the car.
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Checking the
Speedometer

Purpose

One of the primary difficulties that students
experience in determining the speed of a mov-
ing object is differentiating between quanti-
ties and changes in quantities. The purpose of
this probe is to examine students” use of ratios
that express displacement over a time interval
to determine speed rather than using position
and clock readings.

Related Concepts
clock readings, displacement, position, ratio,
speed, time intervals

Explanation

There are two ways to find the speed of the car:
1/1 and 4/4. Speed is defined as the distance
an object travels in one unit of time. Both of
these ratios produce the same answer: a speed
of 1 mile for each minute. This could also be
described as a speed of 1 mile for every 1 min-
ute, or 4 miles for every 4 minutes. To obtain
this answer, students need to think about how

far the car traveled in a given unit of time by
subtracting two clock readings and then find-
ing the difference between the two correspond-
ing positions. This involves reasoning about
displacement and a time interval (changes in
quantities), rather than using position and
clock readings (quantities). Some students may
not recognize that miles for each minute are
units for speed and may be more familiar with
units of miles for each hour (commonly repre-
sented as mph or miles per hour).

Administering the Probe

This probe is appropriate for middle and high
school students. Make sure students know that
the / symbol means the same as the + sym-
bol. Explain that each marker has a number
that shows the number of miles from the first
marker. Each mile marker is 1 mile from the
previous marker. This probe can also be used
as a card sort, a formative assessment classroom
technique (FACT) used to promote small-
group discussion. Place each of the choices
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on page 35 on separate cards and encourage
students to sort the cards into those that rep-
resent the speed of the car and those that do
not, explaining their reasoning for each choice

(Keeley 2008).

Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Abilities of Inquiry

*  Use mathematics on all aspects of scientific
inquiry.

5-8 Motions and Forces
* The motion of an object can be described
by its position, direction of motion, and

speed.

9-12 Abilities of Inquiry
o Usetechnologyand mathematicstoimprove
investigations and communications.

Related Ideas in Benchmarks

for Science Literacy (AAAS

1993, 2009)

6-8 Symbolic Relationships

* Rates of change can be computed from
differences in magnitudes and vice versa.

6-8 Numbers

* Some interesting relationships between
two variables include the variables always
having the same difference or same ratio.

9-12 Computation and Estimation
*  Use ratios and proportions, including con-
stant rates, in appropriate problems.

Related Research

e Early adolescents, as well as many adults,
have difficulty with proportional reason-
ing. The difhiculty is influenced by the for-

mat of the problem, the numbers used in
the problem, the types of ratios used, and
the context of the problem (AAAS 1993).

e Different ratio types produce different
degrees of difhiculty (AAAS 1993). For
example, in studies by Heller et al. (1989),
speed problems appear to be more difhicult
than exchange problems. Unfamiliarity
with the problem situation causes even
more difficulty when it occurs with a dif-
ficult ratio type (AAAS 1993, p. 360).

e Misailidou and Williams (2003) found
little correlation between a child’s compu-
tational ability and his or her ability to per-
form proportional reasoning. This result
implies that students should be exposed to
situations in which they are required to use
proportions and are not allowed to avoid
this type of reasoning by using algorithms
to perform calculations.

Suggestions for Instruction and

Assessment

e Although it may seem no more than a
technical detail about mathematical nota-
tion, it is important for students to under-
stand a/b as a representation of fractions,
division, and ratios that are all equivalent
and can be expressed as quotients (AAAS
2001).

e Some students may not recognize mph as
a ratio of two numbers. It has been sug-
gested (Arons 1977) that the word per be
replaced with the words for each for greater
clarity.

e An alternative approach to this problem
would be to have students graph this infor-
mation with position on the vertical axis
and time (clock readings) on the horizon-
tal axis. The speed of the car would be the
slope of this line.

e Be aware that some textbooks contribute
to the difficulty of differentiating between
quantities and changes in quantities by their

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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careless use of the words distance and time.
Time can mean either a clock reading (an
instant in time) or a time interval. Distance
is often used for either position or displace-
ment, especially in middle school instruc-
tional materials. Speed is the ratio of dis-
placement over a time interval but is usually
represented mathematically in textbooks as
d/t. It is common for students to interpret
these quantities incorrectly as positions and
clock readings. Some textbooks introduce
the symbol A to indicate “a change in” as in
Ax/At. Tt is not uncommon to also see Ad,
which could be interpreted as the change
in the distance (a change in displacement
would not make sense). The symbol & can
also be ambiguous but usually means “dis-
tance traveled.”
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Speed Units

Max is thinking about different units that can be used to express the average speed
of a car on a highway. Check off all the units that can be used to express the average

speed of a car on a highway.

kilometers per hour ___ inches per hour ____ meters per minute
inches per second __ miles per minute _____ centimeters per hour
feet per minute _ miles per hour _ kilometers per second
meters per hour _ feet per hour ___ centimeters per second

Explain your thinking. How did you decide which units can be used to express the

average speed of a car on a highway?
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Speed Units

Purpose

The purpose of this assessment probe is to deter-
mine whether students recognize that there
is a variety of measurement units, described
as ratios, that can be used to express average
speed, even though some units may not be
practical for the situation that exists.

Related Concepts

average speed, ratio, speed, units

Explanation

All 12 units in the list on page 39 can be used
to express the average speed of the car. The
question asks which units are can be used, not
which units are best used. Although miles per
hour or kilometers per hour are the most famil-
iar units used to measure and express the aver-
age speed of a car on a highway, it is still possi-
ble to express the speed by converting to other
units (although some conversions may not be
practical). For example, the average speed of a

car traveling 50 miles per hour on the highway
could be expressed as 73 feet per second. A car
traveling at 80 kilometers per hour could also
be expressed as traveling at 80,000 meters per
hour, even though this conversion may not be
practical unless the car was stuck in a traffic
jam and barely moved over the course of an
hour. Any average speed the car is traveling at
can be converted to any of the units included
on the list on page 39, even though the units
may not be practical for expressing the average
speed of the car.

Administering the Probe

This probe is best used with middle school
and high school students. Make sure students
understand that the intent of the probe is to
check off a// the units that are possible to use.
Be careful not to cue them too much because
you want to see if they select only units that are
typically used for describing the speed of a car
on a highway.
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Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Abilities of Inquiry

e Use mathematics on all aspects of scientific
inquiry.

5-8 Motions and Forces
* The motion of an object can be described by
its position, direction of motion, and speed.

9-12 Abilities of Inquiry
e Usetechnologyand mathematicstoimprove
investigations and communications.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

6-8 Computation and Estimation

* Determine what unit an answer should be
expressed in from the units of the inputs
to the calculation and be able to convert
compound units (such as miles per hour to
feet per second).

6-8 Communication Skills
* Choose appropriate units for reporting
various magnitudes.

9-12 Computation and Estimation
*  Use ratios and proportions, including con-
stant rates, in appropriate problems.

Related Research

e Early adolescents, as well as many adults,
have difhculty with proportional reason-
ing. The difhculty is influenced by the for-
mat of the problem, the numbers used in

the problem, the types of ratios used, and
the context of the problem (AAAS 1993).

e Different ratio types produce different
degrees of difficulty (AAAS 1993). For
example, in studies by Heller et al. (1989),
speed problems appear to be more difhcult
than exchange problems. Unfamiliarity
with the problem situation causes even
more difficulty when it occurs with a dif-
ficult ratio type (AAAS 1993, p. 360).

e Some students may use the intuitive rule
“more A, more B.” If the speed is determined
to be fast, then larger units of measurement
are used (Stavy and Tirosch 2000).

Suggestions for Instruction and

Assessment

e Use online conversion tables to show how
units used to measure speed can be con-
verted from one unit to another.

e As a follow-up to this probe, ask students
to identify the measurement units that
would be most practical to use to measure
the average speed of a car as it is traveling
on the highway.

o After students have identified the measure-
ment units that would be most practical to
use to measure the average speed of the car
as it is traveling on the highway, challenge
them to describe a scenario in which they
might use the other units. For example,
would there ever be an occasion to use
inches per hour to describe the speed of a
car? Is there a different object these units
of speed (p. 39) would be more practical
to use with in describing motion? When
might you use the other units of speed
with other objects or materials?
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Just Rolling Along

Jerome rolled a rubber ball across a very long
table by giving the ball a very light push and
then letting it roll across the table on its own. Six

of his classmates observed the ball as it rolled.

Jerome wondered what happened to the speed
of the ball after it left his hand. He asked the
other students if they think it is possible to
make the ball roll at a constant speed (constant
speed means the ball is neither slowing down

nor speeding up).

The students in Jerome’s group shared the following ideas:

Anna: “It is not possible to make the ball roll at a constant speed.”

Dev: “It is possible for the ball to roll at a constant speed if you tilt the table
slightly downward.”

Tad: “It is possible for the ball to roll at a constant speed if you tilt the table
slightly upward.”

Jack: “It is possible for the ball to roll at a constant speed if you make the table
perfectly flat.”

Byron:  “It is possible for the ball to roll at a constant speed if you roll the ball

really fast.”

Talia: “It is possible for the ball to roll at a constant speed if you roll the ball

really slow.”

Circle the name of the student you think has the best idea. Explain why you think
that is the best idea.
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Just Rolling Along

Purpose

The purpose of this assessment probe is to
elicit ideas about uniform motion. The probe
is designed as a starting point to encourage
students to use evidence and observations to
support their ideas. The goal is for students to
eventually develop and then test an operational
understanding of the concept of speed.

Related Concepts
constant speed, displacement, speed, time
intervals, uniform motion

Explanation

The best answer is Dev’s: “It is possible for
the ball to roll at a constant speed if you tilt
the table slightly downward [at a very small
angle])”. When level, the ball slows down and
when at a steep angle, the ball speeds up. One
can then reason (and then verify experimen-
tally) that there must be an angle at which the
ball neither speeds up nor slows down.

The correct answer can also be found by
analyzing forces. There is an angle at which the
frictional force is balanced by the component
of the gravitational force along the direction of
the ball’s motion. When the table is level, the
ball will slow down because the friction force
by the table is acting on the ball. This force acts
opposite the direction of motion. In addition,
when the table is level, there is no gravitational
force acting in the direction of motion.

Administering the Probe

This probe is appropriate for middle school
and high school students. Make sure that stu-
dents, particularly middle school students,
understand what the term constant speed
means even though it is defined in the probe.
Have props (rubber ball and long table) avail-
able to illustrate the context of the probe. This
probe can be used with the P-E-O strategy:
predict, explain the reason for your prediction,
and observe; if students’ observations do not
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fit their predictions, students revise their pre-
dictions and explanations (Keeley 2008). To
observe this motion, students will need to roll
the ball slowly. If the table is tilted too much,
then the ball will continuously speed up. With
just a small tilt, they should be able to find the
place where part of the gravitational force that
pulls the ball down the incline is offset by the
rolling friction acting on the ball by the table.
This probe can be answered and tested
from a purely kinematics point of view, without
requiring an explanation of forces on the part of
the teacher or students. It can also be used as a
probe in Section 2, “Forces and Newton’s Laws,”
if you are interested in probing further for stu-
dents’ explanations of the forces involved.

Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Motions and Forces

* The motion of an object can be described
by its position, direction of motion, and

speed.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

6-8 Motion

e An unbalanced force acting on an object
changes its speed or direction of motion,

or both

9-12 Motion

*  Any object maintains a constant speed and
direction of motion unless an unbalanced
outside force acts on it.

Related Research

e Many researchers have found that sub-
stantial numbers of students are strongly
committed to the idea that constant speed

implies that a constant force is being

applied to a moving object (Driver et al.

1994, p. 158).
e 'This probe addresses a particular “prob-
(Minstrell 1992) that
objects—even objects rolling on horizon-
tal surfaces—slow down because of grav-
ity. Students do not see the need to have
the force that is changing the motion be
related to the direction of motion.

lematic facet”

Suggestions for Instruction and

Assessment

e This probe can be used at the start of a unit
on kinematics—the branch of physics that
deals with the motion of a body or system
without reference to force and mass—as a
way to elicit ideas that students have prior
to instruction. If used in this way, it should
be immediately followed up with a hands-
on experiment in which students test their
predictions and provide supporting evi-
dence for their ideas.

e Students will develop a wide variety of
reasons to support their prediction (even
if it is not correct). Understanding that
there must be a point where the ball nei-
ther speeds up nor slows down is similar
to understanding a “point of inflection”
in mathematics and can be quite difhcult
for some students. These students would
benefit from taking measurements, such
as comparing the time it takes the ball to
move across the first half of the table with
the time it takes the ball to travel across the
second half of the table. They should then
be led to adjust the tilt of the table until
these two times are the same.

e It is important for teachers to listen care-
fully to how students use key words such
as force, momentum, and energy. How stu-
dents use these words can provide a win-
dow into student thinking about ideas
not yet introduced in the unit. Rather

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.

Uncovering Student Ideas in Physical Science



46

than correcting any inaccurate uses, ask
students what they mean by these terms
and then redirect them to use more direct
descriptions of the motion (such as speed-
ing up, slowing down, or moving at con-
stant speed).

Be aware that many students will try to
bring the concept of force into their expla-
nations and therefore may have a difhcult
time observing the motion without a bias.
This probe can be used in postinstruc-
tion to see if students have developed an
operational definition of speed and if they
understand how to design an experiment
to test an idea.

Be careful when using this probe that you
do not imply that objects—even objects
rolling on horizontal surfaces—slow
down because of gravity, As described
by some of the “facets of student knowl-
edge” (see Minstrell 1992), some students
do not see the need to have the force that
is changing the motion be related to the
direction of the motion.

Describing Motion and Position

References

American Association for the Advancement of Sci-
ence (AAAS). 1993. Benchmarks for science lit-
eracy. New York: Oxford University Press.

American Association for the Advancement of Sci-
ence (AAAS). 2009. Benchmarks for science lit-
eracy online. www.project2061.org/publications/
bslfonline

Driver, R., A. Squires, P. Rushworth, and V. Wood-
Robinson. 1994. Making sense of secondary
science: Research into children’s ideas. London:
RoutledgeFalmer.

Keeley, P. 2008. Science formative assessment: 75
practical strategies for linking assessment, instruc-
tion, and learning. Thousand Oaks, CA: Cor-
win Press and Arlington, VA: NSTA Press.

Minstrell, J. 1992. Facets of students’ knowledge and
relevant instruction. In Research in physics learn-
ing: Theoretical issues and empirical studies, ed. R.
Duit, E Goldberg, and H. Niedderer, 110-128.
Proceedings of an International Workshop:
Research in Physics Learning: Theoretical Issues
and Empirical Studies. Kiel, Germany.

National Research Council (NRC). 1996. National
science education standards. Washington, DC:
National Academies Press.

National Science Teachers Association



Describing Motion and Position

Crossing the Finish
Line

Frances and Greg decide to have a footrace. Frances gets off to a good start and gets
ahead of Greg. Greg catches up to Frances right at the finish line so that they cross the
finish line at the same time. Immediately after crossing the finish line, both are still
running at their same pace and Greg passes Frances. Their friends argue about who
ran faster right at the finish line. This is what they say:

Donica: “T think Frances was faster at the finish line.”

Hannah: “I think Greg was going the fastest at the finish line.”

Evan: “I think they were running at the same speed the instant they crossed
the finish line.”

Circle the name of the student you most agree with. Explain why you think that is

the best answer.
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Crossing the Finish

Purpose

‘The purpose of this assessment probe is to elicit
students’ ideas about comparing motions. The
probe is designed to see if students differentiate
between the concept of position and the con-
cept of speed. The probe will also help to see
if students understand the difference between
average speed and speed at an instant (often
called “instantaneous speed”).

Related Concepts
acceleration, average speed, instantaneous
speed, position, speed, time intervals

Explanation

The best response is Hannah’s: “I think Greg
was going the fastest at the finish line.” This is
because Greg is passing Frances at the finish
line. When one person is passing another, the
two persons cannot be traveling at the same
speed. Ideally, we would like students to be
able to reason that two runners have the same
speed if the distance between the runners is

not getting larger or smaller. The two runners
pass each other twice: once in the beginning of
the motion and another time at the end of the
motion. When they are side by side, they do
not have the same speed. However, if they start
at the same position, and at an equal time later
they are again at the same position, their aver-
age speeds are the same for that time interval.
The more mathematically inclined students
will often calculate “speed” by saying that
both runners go the same distance in the same
amount of time. This number represents the
average speed and not the instantaneous speed
at the finish line.

Administering the Probe

This probe is appropriate for upper middle
school and high school students. An alterna-
tive way to administer this probe is to set up
the actual physical situation. Using balls, show
students the motion several times (this takes
some practice!) and then have students yell out
when they think the balls have the same speed.
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If balls are not available, then students can be
asked the same questions based on a wide vari-
ety of representations: motion diagrams (stro-
boscopic photograph), a table of data with a
graph of the motion, or a table of data based
on a video of the motion.

Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Motions and Forces

* The motion of an object can be described by
its position, direction of motion, and speed.

9-12 Abilities Necessary to Do Inquiry
e Use technology and mathematics to im-
prove investigations and communications.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

6-8 Symbolic Relationships

e Rates of change can be computed from
differences in magnitudes and vice versa.

9-12 Motion

e All motion is relative to whatever frame
of reference is chosen, for there is no
motionless frame from which to judge
all motion.

Related Research

o This speed comparison task was the basis
of Trowbridge’s research (Trowbridge and
McDermott 1981) into student under-
standing of speed. For their work, students
rolled two steel balls down two metal U
tracks (one level and one tilted at an angle).
Students then observed the motion and
indicated when they thought the two balls
would have the same speed. It is often sur-

prising how common it is for students to
believe that the balls have the same speed
when they pass each other.

e Students who say that Frances was faster at
the finishing line may be using reasoning
that fits the intuitive rule “more A, more
B” (Stavy and Tirosch 2000). In this case,
they see that Frances is ahead for most of
the race so her speed must be the greatest
at the finish line.

Suggestions for Instruction and

Assessment

o After administering this probe, teach-
ers should discuss and work through the
problem. They should mention to students
that there was an actual court case in
which a judge confused speed with posi-
tion and incorrectly found a driver guilty
of speeding,.

e Show students a position versus time graph
of a similar motion. The graph provides
additional evidence that two objects can
be at the same location but not have the
same speed. Point out on the graph that
when the two lines intersect, they do not
have the same slope.

e Asimilar question, the Jogger and Sprinter
Elicitation, can be found on the Diagnoser
website at diagnoser.com, under the Posi-
tion and Distance Unit.
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NASCAR Racing

Kenisha and her friends are looking at a NASCAR article on the sports page of their
local newspaper. Kenisha sees the word velocizy mentioned several times. She wonders

what the word velocity means. She asks her friends and this is what they say:

Silas: “I think it is the term used when something moves really fast.”

Jade: “I think it is the scientific word for speed. Speed and velocity mean the
same thing.”

Ayla: “I think the words velocity and acceleration mean the same thing.”

Omar: “I think it describes the speed and the direction in which something
moves.”

LaVonn: “I think it is the rate at which the speed of something is changing.”

Terrell:  “I think it is used to describe the average speed when something moves at

different speeds.”

Circle the name of the person you think has the best idea about what the word
velocity means.

Explain why you agree with that person.

Uncovering Student Ideas in Physical Science
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NASCAR Racing

Purpose

The purpose of this assessment probe is to
determine what students mean when they use
words to describe motion, such as speed, veloc-
ity, and acceleration. The probe is designed to
reveal students’ initial meaning of the word
velocity before formally encountering the word
in instruction.

Related Concepts

acceleration, speed, velocity

Explanation

Omar has the best idea about the meaning of
velocity: “I think it describes the speed and
the direction in which something moves.” In
everyday language, the terms speed and veloc-
ity are often used interchangeably. Physicists
distinguish between the two terms. Velocity is
speed in a given direction. Speed describes how
fast something moves; velocity describes how
fast something moves and in which direction
it is moving. When velocity changes, either

the speed, direction, or both are changing.
Constant velocity means the speed and direc-
tion are unchanging. A NASCAR race car can
have a constant speed around the track but not
constant velocity because on a race track the
car’s direction changes when it moves along
the curves.

Calculating the average speed of an object
requires dividing the distance traveled by the
time it takes to travel that distance. Calculat-
ing the average velocity requires dividing the
displacement (a change in position) traveled by
the time interval. The peculiar result of this
calculation is that if you return to your original
starting position, your average velocity will be
zero, but your average speed will not be zero.

Administering the Probe

This probe can be used with middle school
and high school students. Middle school is
the time when the term velocity is introduced.
Although the word acceleration is used in one
of the distracters in the probe, middle school
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students are not expected to understand accel-
eration quantitatively (although several states’
science standards do include it). Even though
national standards do not deal with accelera-
tion in a quantitative way, the term is often
qualitatively introduced in middle school cur-
riculum materials and students hear the word
in an everyday context.

Encourage students to share where they
may have heard the word velocity before, even
if they are not sure of its meaning. This probe
can be combined with a formative assessment
classroom technique called the Scientific Ter-
minology Inventory Probe (STIP) (Keeley
2008). STIPs are short, simple questionnaires
that teachers use formatively to ascertain stu-
dents’ familiarity with scientific terms they
will encounter in an instructional unit (terms
such as speed, velocity, and acceleration).

Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Abilities of Inquiry

e Use mathematics in all aspects of scientific
inquiry.

5-8 Motions and Forces
* The motion of an object can be described by
its position, direction of motion, and speed.

9-12 Abilities of Inquiry
*  Use language appropriately [under Commu-
nicate and Defend a Scientific Argument].

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

9-12 Computation and Estimation

e Use ratios and proportions, including con-
stant rates, in appropriate problems.

Related Research

e Researchers have pointed out that students
need opportunities to develop the appro-
priate language tools to describe motion.
These tools include vocabulary, graphical
representations, and numerical formulas
(Driver et al. 1994).

o Terms like velocity and acceleration are not
commonly used by school-age children
before the terms have been introduced in
science lessons (Driver et al. 1994).

Suggestions for Instruction and

Assessment

e Be aware that students often encounter
words used in science outside of school
and often develop meanings for these sci-
entific words before formally encountering
them in school science. Take time to find
out what students mean by words such as
speed, velocity, and acceleration in order to
correct their preconceptions.

e Use the Activity Before Concept (ABC)
approach. Providing an experience before
giving students the word or concept helps
them connect the word to its meaning in
context. Give students opportunities to
measure and describe speed and then add
direction so that students can see how veloc-
ity differs from speed (Eisenkraft 2006).

e The concept of velocity is needed when there
are forces acting that change the direction
in which an object is moving—for instance,
when a ball rolls uphill and then rolls down-
hill or when a car drives around a corner at
constant speed. The mathematical method of
keeping track of direction requires a repre-
sentation called a “vector” and is best left for

high school age students (NCTM 2000).
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Roller Coaster Ride

Kimi is riding on a roller coaster with her friends.
One of her friends exclaims, “Wow, that is a huge
acceleration!” After the ride was over, Kimi won-
ders what the word acceleration means. Put an X in
front of all the motions below that are an example

of acceleration:
When something is moving really fast.
When something is moving really slowly.

When you turn a corner going really fast.

When you are going in one direction, turn

around, and go in the other direction.
You are going slowly, but then speed up.

You are going fast, but then slow down.

Explain what the word acceleration means to you. Provide reasons for the motions you

selected to describe acceleration.
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Roller Coaster Ride

Purpose

The purpose of this assessment probe is to elicit
students’ meaning of words used to describe
motion, such as speed, velocity, and accelera-
tion. The probe is designed to reveal students’
initial qualitative meaning of the word accel-
eration before formally encountering the word
in a scientific context.

Related Concepts

acceleration, speed, velocity

Explanation

All of the motions except for “moving really
fast” or “moving really slowly” are examples of
acceleration. An object can be moving very fast
or very slow but not experience acceleration.
This is because a fast (or slowly) moving object
is not changing its velocity. For the velocity to
change, the object must be speeding up, slow-
ing down, or changing direction. For an object
that is changing direction (such as a ball being
thrown up into the air), the velocity of the

object is zero at the turnaround point, but the
acceleration is not zero because the velocity of
the object is always changing.

Administering the Probe

This probe can be used at the middle school
and high school levels. Although middle
school is the time when the term acceleration
is qualitatively introduced, middle school
students are not expected to quantitatively
understand acceleration. Encourage students
to share where they may have heard the word
acceleration before, even if they are not sure of
its meaning. This probe can be combined with
a formative assessment classroom technique
called the Scientific Terminology Inventory
Probe (STIP) (Keeley 2008). STIPs are short,
simple questionnaires used for formative pur-
poses that help teachers ascertain students’
prior familiarity with scientific terms (such as
speed, velocity, and acceleration) before they are
encountered in an instructional unit.

National Science Teachers Association
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Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Abilities of Inquiry

e Use mathematics on all aspects of scientific
inquiry.

5-8 Motions and Forces

* The motion of an object can be described
by its position, direction of motion, and
speed.

9-12 Abilities of Inquiry

* Use language appropriately [under
Communicate and Defend a Scientific
Argument].

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

9-12 Computation and Estimation

e Use ratios and proportions, including con-
stant rates, in appropriate problems.

Related Research

e Researchers have pointed out that students
need opportunities to develop the appro-
priate language tools to describe motion.
The tools include vocabulary, graphical
representations, and numerical formulas
(Driver et al. 1994).

o Terms like velocity and acceleration are not
commonly used by school-age children
prior to their introduction in science les-
sons (Driver et al. 1994).

e Students may use the intuitive rule “more
A, more B” and, conversely, “less A, less
B” to describe acceleration—that is, they
might believe that the faster an object
moves, the more it accelerates; the slower
an object moves, the less it accelerates
(Stavey and Tirosch 2000).

e Some students think acceleration is due to
an increasing force (Twigger et al. 1994).

e It is quite common for students to con-
fuse the concept of acceleration with
the concept of velocity (Trowbridge and
McDermott 1981).

Suggestions for Instruction and

Assessment

e Be aware that students often give meaning
to scientific words before formally encoun-
tering them in school science. Teachers
who take the time to find out what stu-
dents’ existing meanings of words like
speed, velocity, and acceleration are will
avert several learning barriers.

o Use the Activity Before Concept (ABC)
technique. Providing an experience before
giving students the word or concept helps
them connect the word to its meaning in
context. Provide opportunities for stu-
dents to describe how the speed of an
object is changing, using the words speed-
ing up, slowing down, or changing direction
before introducing the word acceleration
(Eisenkraft 20006).

e Be aware that young students may equate
going fast with a large acceleration. Later,
many students may associate acceleration
with “speeding up” and not recognize that
an object is also accelerating when it slows
down or changes direction. These same
students may use the word decelerating to
mean slowing down. Provide opportuni-
ties for students to compare how a physi-
cist uses the word acceleration with how it
is used in common, everyday language.

e Be aware that students interpret negative
acceleration with slowing down. The sign
of the acceleration is related to the direc-
tion that the object would have to move
in order to speed up. A negative accelera-
tion does not necessarily mean the object is

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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slowing down. Therefore, defining deceler-
ation as negative acceleration is incorrect.

e The concept of acceleration is needed
when forces act to change the velocity of
an object. (This is an example of Newton’s
second law of motion.)

e The mathematical method of keeping
track of direction requires a representation
called a “vector” and is best left for high
school age students (NCTM 2000).
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Describing Motion and Position

Rolling Marbles

Jen, Debra, and Greg are playing with ramps and marbles. They decide to have a
contest to see who can make a marble roll down a ramp the fastest. Each friend uses
the same height and identical marbles. They each let go of their marbles at the top of
their ramps. (They do not give their marbles a push.)

Jen Debra Greg

Circle whose marble will reach the bottom of the ramps first.
A Jen’s marble

B Debra’s marble

C Greg’s marble

D No one will win—it will be a tie.

Explain your thinking. Describe your ideas about the time it takes for the marble to
reach the end of the different ramps.
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Describing Motion and Position

Rolling Marbles

Jen Debra Greg

Purpose

The purpose of this assessment probe is to
elicit students’ ideas about motion using
marbles and ramps. The probe is designed to
reveal students’ thinking about the factors
that affect the time it takes for a marble to
roll down a ramp.

Related Concepts
acceleration, average speed, speed, time,
time interval

Explanation

The best answer is Jen’s marble. The marble
that rolls down the ramp with the steepest
incline at the beginning will get to the bot-
tom first. This is because the average speed
will be higher as compared to the other two
ramps if the ball is moving faster at the begin-
ning of the motion. A steeper ramp will cause
the ball to reach a higher speed in a shorter

amount of time as compared to a less steep
ramp. A higher average speed means that the
ball will get to the bottom of the ramp in a
shorter period of time as long as the ramps are
of similar length.

Administering the Probe

This probe can be used with elementary, mid-
dle school, and high school students. When
used with elementary students, the focus
should be on observation and comparing the
shapes of the ramps, not on the explanation of
average speed and acceleration. The setup for
this probe can be shown with the props used
in the probe—for example, use three pieces
of flexible PVC pipe that are the same height
and ramp length, identical marbles, and three
different ramps or a ramp that can be flexibly
bent into the three different shapes. Ask stu-
dents to predict which marble will reach the
bottom of its ramp first.

National Science Teachers Association
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Related Ideas in National

Science Education Standards

(NRC 1996)

K-4 Position and Motion of Objects

e Anobject’s motion can be described by trac-
ing and measuring its position over time.

5-8 Motions and Forces
* The motion of an object can be described by
its position, direction of motion, and speed.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

K-2 Communication Skills

* Describe and compare things in terms of
number, shape, texture, size, weight, color,
and motion.

3-5 Motion
e How fast things move differs greatly.

Related Research

e The words fast and slow refer to the speed
of an object. The words short and long refer
to time intervals. Students often confuse
these two related, but different, concepts.

e Naturally, children’s ideas and descrip-
tions of motion tend to be less differen-
tiated than those of physicists. Children
tend to see objects either at rest or mov-
ing; they rarely focus on the period of
change. They use everyday terms such as
going faster in ambiguous ways, sometimes
referring to the magnitude of the speed of
an object and at other times referring to
the speed increasing with time (Driver et
al. 1994, p. 155).

®  Young children typically start with iden-
tifying the direction in which the object
moves without regard to the speed of the
object. As their ideas progress, they often

offer “snapshot” descriptions—that is, a
description that is essentially a still pho-
tograph of an object, without looking
at changes—in which they compare the
speed of an object at different locations or
instants. Eventually, older children can be
led to describe how the speed of an object
is changing at a specific location or instant
(Dykstra and Sweet 2009).

Suggestions for Instruction and

Assessment

o 'This probe can be used as a P-E-O strat-
egy: commit to a prediction, explain the
reasoning behind the prediction, test
the prediction, and observe the results. If
observations do not match the predictions,
students need to rethink their explanations
(Keeley 2008). If this probe is used with
younger children, explanations should be
based on observations of what may have
caused one of the marbles to reach the bot-
tom first; they should focus on what is dif-
ferent about the three ramps. Students can
further test their explanations by making
additional changes to the ramps.

e A second version of this probe can be
used as a follow-up with older students.
Ask students which marble will be mov-
ing the fastest at the end of the ramp.
This question is different from the probe,
which asks which marble will reach the
end of the ramp first. All three marbles
will be rolling at approximately the
same speed when they reach the bot-
tom of each ramp. This is because the
height of all three ramps is the same, so
each marble will have the same gravita-
tional potential energy at the top of each
ramp. This gravitational potential energy
becomes kinetic energy at the bottom of
the ramp. If there are no other forces act-
ing on the marbles (i.e., if friction is neg-
ligible) then all three marbles will have

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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the same kinetic energy at the bottom
of each ramp. Because they are identi-
cal marbles, they will all have the same
speed at the bottom of the ramp.
Advanced students could further investi-
gate the mathematics behind finding the
exact shape of a track that yields the short-
est time for a ball to roll. This mathemati-
cal curve is called a brachistochrone. A
web animation for this curve that provides
a representation for the “Rolling Marbles”
probe can be found at hup:/fcurvebank.
calstatela.edu/brach/brach.htm.

Provide younger students with additional
opportunities to explore balls and ramps.
For example, if the ramps are all the same,
does the mass of the ball make a difference?
What about the height, length, or material
the ramp is made of? Encourage students

to make predictions and test them.

Describing Motion and Position
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String Around the
Earth

Imagine that you tied a string around the center of the

Earth along the equator. The string lies on top of the
ground and the oceans. You then untied the string
and added 6 more meters to the string. You pulled
the string away from all sides of the Earth equally.
What is the largest animal that could crawl under |

the string?

A ant

B mouse

C cat ——
D goat

E horse

Explain your thinking. Provide an explanation for your answer.
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String Around the Earth

Purpose

The purpose of this mathematical thought
experiment probe is to elicit students’ ideas
about a highly counterintuitive ratio problem.
Many ideas students encounter in physics do
not fit with their commonsense views of the
natural world. This adaptation of a timeless,
classic mathematics question (Arons 1977;
Leiber 1942) helps teachers recognize whether
students can reason with proportions.

Related Concepts

circumference, proportion, ratio

Explanation

The best answer is D: goat. The answer is highly
counterintuitive. Even after performing the
calculation, many students will still not believe
the answer. First, one needs to understand that
the ratio of circumference to diameter (pi) is
true regardless of the size of the circle. Pi is a
number that represents the change in the cir-
cumference of a circle for each unit of change

in the diameter. If the circumference increases
by 6 m then the diameter will change by
6/pi m or by about 2 m. Therefore the string
will extend about a meter above the Earth on
all sides. This answer is independent of the size
of the circle that you start with (which is why
you do not need to know the circumference of
the Earth to answer this question).

This probe is useful in showing how we
often rely on our intuitive, commonsense
ideas. Commonsense ideas usually have a nug-
get of truth (e.g., the 6 m addition of string
is negligible compared to the circumference of
the Earth). However, science and mathematics
allow us to refine our commonsense ideas (e.g.,
the 1 m increase in the radius is indeed negligi-
ble compared to the radius of the Earth). What
does this question have to do with motion?
Many concepts in physics require an under-
standing of proportions. Pi can be thought of
as the increase in the circumference of a circle
for every unit of increase in the diameter. Sim-
ilarly, speed is the distance an object travels for

National Science Teachers Association
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each unit of time. Pi is the slope of a graph of
circumference versus diameter and speed is the
slope of a graph of position versus time.

Administering the Probe

Because of the sophisticated nature of this
probe, it is best used with middle or high
school students who have the procedural and
conceptual mathematical knowledge to per-
form and understand the calculation. If stu-
dents are unsure of the height of the animals,
you might consider providing height data such
as the following: ant is 1 mm or .001 m; mouse
is 3 cm or .03 m; cat is 30 cm or .3 m; goat
is 90 cm or .9 m; and horse is 2 m. Another
alternative is to provide only two choices—the
ant and the goat.

Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Abilities of Inquiry

*  Use mathematics on all aspects of scientific
inquiry.

9-12 Abilities of Inquiry
e Usetechnologyand mathematicstoimprove
investigations and communications.

Related Ideas in Benchmarks

for Science Literacy (AAAS

1993, 2009)

6-8 Numbers

* Some interesting relationships between
two variables include the variables always
having the same difference or same ratio.

6-8 Computation and Estimation
* Calculate the circumference and areas of
rectangles, triangles, and circles.

9-12 Computation and Estimation
*  Use ratios and proportions, including con-
stant rates, in appropriate problems.

Related Research

e FEarly adolescents—as well as many
adults—have difficulty with proportional
reasoning. The difficulty is influenced by
the format of the problem, the numbers
used in the problem, the types of ratios
used, and the context of the problem
(AAAS 1993).

e Different ratio types produce different
degrees of difliculty (AAAS 1993). For
example, in studies by Heller et al. (1989),
speed problems appear to be more difficult
than exchange problems. Unfamiliarity
with the problem situation causes even
more difficulty when it occurs with a dif-
ficult ratio type (AAAS 1993, p. 360).

e Misailidou and Williams (2003) found
little correlation between a child’s compu-
tational ability and his or her ability to per-
form proportional reasoning. This result
implies that students should be exposed to
situations in which they are required to use
proportions. They should not be allowed
to use algorithms to perform calculations
(which many students will want to do to
avoid proportional reasoning).

Suggestions for Instruction and

Assessment

e Other adaptations and solutions to this
problem can be found by Googling “String
Around the Earth Problem.”

e If students are still troubled by the answer,
you can have them test their ideas by start-
ing with a very small circle of string and
adding 6 m to the circumference. They
can then measure how much the diam-
eter increases. The fact that this increase
in diameter is the same even if the circle
started at the Earth’s circumference of

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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about 40,000 kilometers is the foundation
for understanding pi as a ratio.

e This probe can also be used after an exer-
cise in which students measure and then
graph the circumference and the diameter
of a variety of circular objects. Students
can then be led to interpret the slope of this
graph (pi) as the change in circumference
for each unit of diameter (McDermott and

the Physics Education Group 1996).

References

American Association for the Advancement of Sci-
ence (AAAS). 1993. Benchmarks for science lit-
eracy. New York: Oxford University Press.

American Association for the Advancement of Sci-
ence (AAAS). 2009. Benchmarks for science lit-
eracy online. www project2061.org/publications/
bslfonline

Arons, A. 1977. The various language: An inquiry
approach to physical science. New York: Oxford
University Press.

Describing Motion and Position

Heller, P, A. Ahlgren, T. Post, M. Behr, and R.
Lesh. 1989. Proportional reasoning: The effect
of two context variables, rate type, and problem
setting. Journal of Research in Science Teaching
(26): 205-220.

Leiber, L. 1942. The education of T.C. MITS [the
celebrated man in the street]: What modern
mathematics means to you. Brooklyn, NY: Long
Island University and the Galois Institute of
Mathematics and Art.

McDermott, L. C., and the Physics Education
Group at the University of Washington. 1996.
Physics by inquiry. New York: John Wiley
and Sons.

Misailidou, C., and J. Williams. 2003. Diagnos-
tic assessment of children’s proportional rea-
soning. Journal of Mathematical Behavior 22:
335-368.

National Research Council (NRC). 1996. National
science education standards. Washington, DC:

National Academies Press.

National Science Teachers Association



Forces and Newton’s Laws

Section 2

Forces and

Newton’s Laws

14
15

16
17

18
19
20
21
22
23
24
25
26
27
28
29
30

Uncovering Student Ideas

Concept Matrix.................cccoveeen. 68
Related Curriculum Topic
Study Guides................c..ccoo..e... 69

Related NSTA Press Books, NSTA
Journal Articles, and NSTA

Learning Center Resources......(69
Talking About Forces ..................... 71
Does It Have to Touch?.................. 75
Force and Motion Ideas................. 79
Friction ................ccoooii, 83
A World Without Friction............... 87
Rollingtoa Stop..............ccccunnn. 91
Outer Space Push.......................... 95
Riding in the Parade ...................... 99
Spaceships...........cccccvvvvvvvevevnnnnnns 103
AppleinaPlane...............cccuuvun. 107
Ballona String....................cooe. 111
Why Things Fall................cccc.......... 115
PullingonaSpool ........................ 119
Lifting Buckets............................ 123
Finger Strength Contest ............. 127
Equal and Opposite...................... 131
RidinginaCar...........c...o.oooo.... 135

in Physical Science

67



Forces and Newton’s Laws

1y31om

uoisual

uonoLy o1elIs

uonouy gulpl|s

uonouy guljjos

s||ind pue saysnd

uonoe anissed

90404 |ewJou

Me| PJIY) S,U0IMON

ME| PUODSS S,UOIMBN

Me| 18Il S,U0IMBN

9310J 1au

ssew

uonouy dn_duIy

uonoesaul

9040) |euonelnesd

uonoLy

Jajsuely A3iaua

uonOW JO uonoaIIP

90104 10B1U0D

paads jueisuod

uonow Jenalio

uonoalip 3uigueyo

9040} |e18d1U80

uonoe aAnoe

9010} 90oUR]ISIP-B-18-U0No.

©

I
)

I
T

I
i}

o
T

©

™

o
T

N
i}
(0]
N
i
©
©
©

N
T
©

o
T

o
T

X
[Q\]

9
x

uoljels|aooe

<3SN 13A3T 3avyd

N
legeuuiply os# |

a1isoddQ pue |enb3  6Z#

1s91U0) Y1Suans Jesul 8T#

sievong Sulyi  LZ#

joods e uo 3ullind 9OC#

(o]
lled sSulyL Aum  ge# |

[q\]
gumseuojeg ve# | Y

aue|d e ulajddy  £g#

sdiyseoeds gg#
N
usnd eoeds JeIn0  OT# | 7
N
doys e oy guljod  6T# |

apeled sy ul Buiply  Tc#

UoROL4 INOYUM PUOM Y 8T#

uondld  LT#

seap| UOIIO\ pue 80104 9T#

£YONoL 0} oABH 1 $90Q  GT#

$90.04 IN0QY Sunilel  T#

s3goud

0S#—VT# s9qoid
XineiAl 1 dasuon

Science Teachers Association

National

68



Forces and Newton’s Laws

Related Curriculum Topic Study
Guides”

Motion
Forces
Laws of Motion

* Guides will be found in Keeley, P. 2005. Science
Curriculum Topic Study: Bridging the Gap Between
Standards and Practice. Thousand Oaks, CA: Corwin
Press and Arlington, VA: NSTA Press. Each Curriculum
Topic Study Guide shows the reader how to Identify
Adult Content Knowledge, Consider Instructional
Implications, Identify Concepts and Specific Ideas,
Examine Research on Student Learning, Examine
Coherency and Articulation, and Clarify State
Standards and District Curriculum.

Related NSTA Press Books,
NSTA Journal Articles,

and NSTA Learning Center
Resources

NSTA Press Books

American Association for the Advancement of Sci-
ence (AAAS). 2001. Atlas of science literacy. Vol.
1. (See “Laws of Motion” map, pp. 62-63.)
Washington, DC: AAAS.

Eichinger, J. 2008. Experimenting with force and
motion using origami frogs. In Activities linking
science with math: K—4, 67-78. Arlington, VA:
NSTA Press.

Eisenkraft, A., and L. Kirkpatrick. 2006. Quan-
toons. Arlington, VA: NSTA Press.

Horton, M. 2009. Take-home physics: High impact,
low-cost labs. Arlington, VA: NSTA Press.

Keeley, P. 2005. Science curriculum topic study:
Bridging the gap between standards and practice.
Thousand Oaks, CA: Corwin Press and Arling-
ton, VA: NSTA Press.

Morgan, E., and K. Ansberry. 2005. Sheep in a jeep.
In Picture perfect science lessons: Using childrens
books to guide inquiry (grades 3—6), 181-204.
Arlington, VA: NSTA Press.

Morgan, E., and K. Ansberry. 2007. Roller coasters.
In More Picture Perfect Science Lessons: Using
childrens books to guide inquiry, k—4, 133-146.
Arlington, VA: NSTA Press.

Robertson, W. 2002. Force and motion: Stop faking
it! Finally understanding science so you can teach

ir. Arlington, VA: NSTA Press.

NSTA Journal Articles

Abisdris, G., and A. Phaneuf. 2007. Using a digi-
tal video camera to study motion. 7he Science
Teacher (Dec.): 44—47.

Adams, B. 2007. Science shorts: Energy in motion.
Science and Children (Mar.): 58—60.

Blair, M., and R. M. Peterson. 1999. Physics: The final
frontier. The Science Teacher 66 (Dec.): 40—43.

Cox, C. 2001. Isaac Newton olympics. Science Scope
(May): 18-22.

Eisenstein, S. 2008. Increasing the drive of your
physics class. 7he Science Teacher (Mar.):
62-606.

Harris, J. 2004. Science 101: Are there different
types of force and motion? Science Scope (Mar.):
19.

King, K. 2005. Making sense of motion. Science
Scope (Feb.): 22-26.

Robertson, W., J. Gallagher, and W. Miller. 2004.
Newton’s first law: Not so simple after all. Sci-
ence and Children 41 (Mar.): 25-29.

Spevak, A. 2008. The art of physics: Using cartoon-
ing to illustrate Newton’s laws of motion. 7he

Science Teacher (Mar.): 44—46.

NSTA Learning Center Resources

NSTA Podcasts:

http://learningcenter. nsta.orglproducts/podcasts.
aspx?lid=hp

Force

Circular Motion

Newton’s Second Law

Inertia

Newton’s Third Law

Law of Gravity

NSTA SciGuides:
http://learningcenter. nsta.orglproducts/sciguides.
aspx?lid=hp

Force and Motion
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NSTA SciPacks:

Forces and Newton’s Laws

NSTA Science Objects:

http://learningcenter. nsta.org/products/scipacks.  http://learningcenter.nsta.org/products/science_

aspx?lid=hp

Force and Motion

objects.aspx?lid=hp
Force and Motion: Newton’s First Law
Force and Motion: Newton’s Second Law
Force and Motion: Newton’s Third Law
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Talking About Forces

Five friends were talking about forces. This is what they said:

Rae: “I think a push is a force and a pull is something else.”

Scott:  “I think a pull is a force and a push is something else.”

Yolanda: “I think a force is either a push or a pull.”

Miles:  “I think forces are neither pushes nor pulls. I think they are something else.”

Violet:  “I think pushes and pulls are forces, but there is also another type of force
that just holds things in place.”

Which friend do you agree with the most?

Explain your thinking. Describe what you think a force is.

Uncovering Student Ideas in Physical Science
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Talking About Forces

Purpose

The purpose of this assessment probe is to elicit
beginning ideas about forces. The probe is
designed to reveal whether students generally
identify forces as pushes and pulls.

Related Concepts
pushes and pulls

Explanation

Yolanda has the best answer: “I think a force
is either a push or a pull.” By basic definition,
a force is a push or pull. Some students might
think there is a third type of force, which they
sometimes refer to as a “holding force™ it is
different from a push or pull and “holds” rest-
ing objects in place. For example, they might
think that a book resting on a table is being
neither pulled on nor pushed. In this instance,
the pulling force (gravity) and the pushing
force (the upward force exerted by the table on
the book) are balanced.

Administering the Probe

This probe is best used at the elementary and
middle school levels, although it may be useful
in determining whether high school students
still believe in a “holding force.” Young children
are just beginning to learn about forces, and
so this probe is particularly helpful because it
introduces them to “push and pull” vocabulary
as a prerequisite to describing how forces affect
motion. With very young children, who may
not be ready to understand how an object at rest
is affected by forces, you might consider elimi-
nating the last distracter (Violet’s response).

Related Ideas in National
Science Education Standards
(NRC 1996)

K—-4 Position and Motion of Objects
The position and motion of objects can be
changed by pushing or pulling. The size of
the change is related to the strength of the
push or pull.

Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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Related Ideas in Benchmarks Suggestions for Instruction and
for Science Literacy Assessment
(AAAS 1993, 2009) o Take students on a “push and pull” walk.

K-2 Motion
* The way to change how something is mov-

ing is to give it a push or a pull.

3-5 Motion

The earth’s gravity pulls any object toward
it without touching it.

Without touching them, a magnet pulls on
all things made of iron and either pushes
or pulls on other magnets.

Without touching them, material that has
been electrically charged pulls on all other
materials and may either push or pull other
charged materials.

Related Research

Younger students tend to bring lay mean-
ings of the word force to their learning. They
often associate the word force with coercion,
living things, physical activity, and muscu-
lar strength (Driver et al. 1994).

Some students have difficulty associating
manifestations of force with pushes or
pulls (Shevlin 1989; Erickson and Hobbs
1978). For example, some primary-age
children did not associate a kick or throw
with a push. Students ages 6-14 thought
there was a difference between forces that
pull and those that just “hold” (Driver
et al. 1994).

Many students widely regard rest as a natu-
ral state in which no forces act on an object
(Minstrell 1982). Students who recognize
there is some type of “holding force” that
keeps an object stationary tend to think of
it as quite different from a pushing or pull-
ing force (Driver et al. 1994).

Identify all the examples of things they
push or pull or see being pushed or pulled.

Present students with examples of forces
and ask them to decide which examples
are pulls and which are pushes. This can
be done as a card sort activity.

Encourage students to come up with their
own lists of pushes and pulls.

Younger students should first have oppor-
tunities to experience pushes and pulls
with contact forces (a contact force is
a force either between two objects or
between an object and a surface that are
in contact with each other). Later, when
they develop the idea of forces that act at
a distance, they can explore pushes and
pulls with falling objects, magnets, and
electrically charged objects.

Build a word wall of force- and motion-
related words. Include the words push
and pull and encourage students to use
these words when they describe forces
and motions.

The forces that young children are most
familiar with are the ones exerted by
their own muscles. When introducing the
notion of force as a push or pull, have chil-
dren push and pull on objects using their
own muscles. Then transition to discuss-
ing pushes and pulls exerted by other liv-
ing things and nonliving objects so that
the children don’t equate force with only
human action.

Bridging analogies (Clement 1993) are use-
ful with middle school students, who may
have difficulty accepting the idea that an
object at rest, such as a book on a table, has
both a pushing and pulling force acting on

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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it. A good bridging analogy would be to
show the class a book resting on a spring
and then a book resting on a springy surface
like a piece of foam (Driver et al. 1994).
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Does It Have to
Touch?

) )

OO

Two friends are arguing about forces. They disagree about whether something has to
be touched in order for a force to act. This is what they say:

Akiko: “I think two things have to touch in order to have a force between them.”

Fern: “I don’t think two things have to touch in order to have a force between them.”

Which friend do you most agree with?

Explain your thinking. Provide examples that support your ideas about forces.

Uncovering Student Ideas in Physical Science
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Does It Have to Touch"

Purpose

The purpose of this assessment probe is to elicit
beginning ideas about types of forces. The
probe is designed to reveal whether students
recognize that forces can act both in direct
contact with an object and at a distance.

Related Concepts

action-at-a-distance force, contact force

Explanation

Fern has the best answer: “I don’t think two
things have to touch in order to have a force
between them.” Forces can act between objects
without the objects being in contact with each
other. Forces can involve direct contact between
objects (such as a person pulling a wagon or
pushing a cart) or action at a distance (such as a
ball being pulled toward the Earth by gravity, a
magnet attracting or repelling another magnet,
or two electrically charged balloons attracting

) )

OND

or repelling each other). The action-at-a-distance
forces can also act when they are in contact with
an object, such as a ball resting on the ground, a
nail stuck to a magnet, or a piece of paper stuck
to an electrically charged balloon.

Administering the Probe

This probe is best used in the elementary grades
after students have developed the concept of
force as a push or pull. It can be used when
students have learned about forces they have
experienced through direct contact and are
ready to learn about different types of forces
that act at a distance, such as gravity, magnetic
force, and electrical force. If needed, clarify
what is meant by touched in the probe. In this
context fouch means direct, physical contact
between two things, such as kicking a ball.
The probe is also useful in uncovering middle
school students’ preconceptions about forces.

National Science Teachers Association
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Related Ideas in National

Science Education Standards

(NRC 1996)

K-4 Position and Motion of Objects

e The position and motion of objects can be
changed by pushing or pulling.

K-4 Light, Heat, Electricity, and

Magnetism

e Magnets attract and repel each other and
certain kinds of materials.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

K-2 Forces of Nature

e Things near the earth fall to the ground
unless something holds them up.

* Magnets can be used to make some things
move without being touched.

3-5 Forces of Nature

* The earth’s gravity pulls any object toward
it without touching it.

*  Without touching them, a magnet pulls on
all things made of iron and either pushes
or pulls on other magnets.

*  Without touching them, material that has
been electrically charged pulls on all other
materials and may either push or pull other
charged materials.

6-8 Forces of Nature

o The sun’s gravitational pull holds the earth
and other planets in their orbits, just as
the planets’ gravitational pull keeps their
moons in orbit around them.

e Electric currents and magnets can exert a
force on each other.

e A charged object can be charged in one of
two ways, which we call either positively

charged or negatively charged. Two objects
that are charged in the same manner exert
a force of repulsion on each other, while
oppositely charged objects exert a force of
attraction on each other.

Related Research

e Younger students tend to bring lay mean-
ings of the word force to their learning. They
often associate the word force with coercion,
living things, physical activity, and muscu-
lar strength (Driver et al. 1994).

e Elementary students typically do not under-
stand gravity as a force. They see “falling” as
a natural action by an object (AAAS 1993).

e Students often describe electric and mag-
netic interactions without using words
that distinguish among forces, properties
of matter, and fields. This is an example of
a common student difficulty related to the
difference between a cause and an effect
(Andersson 1985).

e A study of children ages 3-9 (Selman
etal. 1982) found two different conceptual
levels of thinking about magnetism. At the
first level, children appeared to be simply
linking events, without the notion of force
being involved. At the second level, chil-
dren demonstrated an emerging notion of
an “unseen force” and they began to talk
about a magnet “pulling on things” (Driver

et al. 1994).

Suggestions for Instruction and

Assessment

e Present students with examples of forces
and ask them to decide which ones are
pulls and which are pushes. Then ask
them to decide which ones involve contact
between objects and which do not.

¢ Younger students should first have oppor-
tunities to experience pushes and pulls
with contact forces. Later, once they
understand the idea of forces that act at

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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a distance, they can explore pushes and
pulls with falling objects, magnets, and
electrically charged objects.

e Because gravity, magnetic force, and the
force between electrically charged objects
cannot be seen, children need to grasp the
concept of action at a distance by observing
its effects. Give students multiple opportu-
nities to see these effects and to describe
them as pushes or pulls.

e Students need to recognize that with the
exception of gravitational, magnetic, and elec-
tric forces, no other forces act at a distance.
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Force and Motion Ideas

Mrs. Li’s students share their ideas about
force and motion. Here are some of the
ideas they come up with. Put an X next to

each of the ideas you agree with.

A

= 6O MM

If there is motion, then a force

is acting.

If there is no motion, then there

is no force acting.
There cannot be a force without motion.
Objects can continue moving in a straight line without applying force.

When an object is moving, there is always a force in the direction of its

motion.

Moving objects stop when their force is used up.

Forces act on objects at rest.

The stronger the force, the faster an object moves.

Constant speed results from constant force.

A force is necessary in order to change the direction of motion.
Forces make things go, losing energy makes them stop.

Force can be transferred from one object to another during motion.

Explain your thinking. Summarize your own ideas about force and motion.
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Force and Motion ldeas

Purpose

The purpose of this assessment probe is to
comprehensively elicit students’ ideas about
the relationship between force and motion.
The list of possible answers includes several
distracters that are based on learning research;
thus the probe will tell you whether your stu-
dents hold any of these research-identified,
commonly held (incorrect) ideas about force
and motion.

Related Concepts
active action, constant speed, direction of
motion, interaction, passive action

Explanation

The only correct statements are D, G, and J.
Statement D comes from Newton’s first law of
motion. Statement G helps to emphasize the
difference between force and an unbalanced
force—that is, that objects at rest will often
have several forces acting on them, but these
forces are balanced. Statement | comes from

Newton’s second law of motion. If an object
is not moving in a straight line then there
must be a net force acting on that object. An
example is the Moon orbiting around the Sun,
which happens because the Sun is exerting a
gravitational force on the Moon.

Most of the statements (A, B, C, E, F, H,
I, and K) are examples of what is often called
“Aristotelian thinking.” This type of thinking
results from the belief that motion requires an
unbalanced force. This idea was first rejected
by Galileo, who first proposed constant motion
as the natural motion. Later, Isaac Newton
realized that it is only a change in motion that
requires an unbalanced force and Newton was
able to quantify this relationship. Many stu-
dents use the word force as something an object
possesses—for example, “it has a lot of force”
or “may the force be with you.” These students
may be thinking of force as a property of an
object rather than as an interaction between
objects. Choosing statements K and L may be
indications of this type of thinking.
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Administering the Probe

This probe is best used with middle school
and high school students. (It can be modi-
fied for upper elementary students by remov-
ing choices that students are not yet ready to
explain.) The probe can be administered as a
card sort by writing each of the statements on
cards (Keeley 2008). Students then sort the
cards into three separate piles: statements they
agree with, those they disagree with, and those
they are not sure about.

Related Ideas in National

Science Education Standards

(NRC 1996)

K-4 Position and Motion of Objects

e The position and motion of objects can be
changed by pushing or pulling. The size of
the change is related to the strength of the
push or pull.

5-8 Motions and Forces

* An object that is not being subjected to a
force will continue to move at a constant
speed and in a straight line.

* If more than one force acts on an object
along a straight line, then the forces will
reinforce or cancel one another. Unbal-
anced forces will cause changes in the speed
or the direction of an object’s motion.

9-12 Motions and Forces
*  Objects change their motion only when a
net force is applied.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

K-2 Motion

e The way to change how something is mov-
ing is to give it a push or a pull.

3-5 Motion

e Changes in speed or direction of motion
are caused by forces.

e The greater the force is, the greater the
change in motion will be. The more mas-
sive an object is, the less effect a given force
will have.

6-8 Motion
* An unbalanced force acting on an object
changes its speed or direction of motion,

or both.

9-12 Motion

* Any object maintains a constant speed and
direction of motion unless an unbalanced
outside force acts on it.

Related Research

e Many students think that if an object is
moving, then there is a force acting on it.
There is a strong belief that a force must
be constantly applied in order for motion,
including constant speed, to continue
(Gunstone and Watts 1985).

e Some students tend to think of force
as a property of an object, rather than
an interaction between objects (Brown
and Clement 1989; Dykstra, Boyle, and
Monarch 1992).

e Some students think that forces get things
moving but do not stop things (Minstrell
1989). Some students think things stop
when the force or energy in the object runs
out (Driver et al. 1994).

e A common belief among students of all
ages is that all objects eventually slow
down and stop (Driver et al. 1994).

e Some students think force is transferred
from one object to another (Brown and

Clement 1989).

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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Suggestions for Instruction and

Assessment

e Teachers and researchers have developed
several strategies to help students develop
an understanding of forces. One strategy,
developed by Camp and Clement (1994),
is to use “bridging analogies.” This strat-
egy involves starting with an “anchoring
example” and then extending student ideas
toward a “target problem.” For example, to
introduce gravity ideas, the teacher has stu-
dents examine the force exerted by various
numbers of rubber bands stretched between
their fingers (the anchor) to model the mass
dependency of the gravitational force (the
target). The interaction between each fin-
ger is modeled as a single rubber band. The
number of fingers represents the amount of
mass and the number of rubber bands rep-
resents the total force. The total number of
rubber bands depends on the number of fin-
gers on each hand (just as the total gravita-
tional force depends on the amount of both
masses). For example, three fingers of one
hand interacting with two fingers on the
other hand would require a total of six rub-
ber bands. The gravitational force exerted by
a mass of 2 kg with a mass of 3 kg is propor-
tional to the masses multiplied together.

e Most approaches to teaching about force
require students to have a firm under-
standing of kinematics (i.e., describing
the motion of objects without considering
the causes leading to the motion) and be
able to identify changes in motion (accel-
eration). However, one interesting alterna-
tive is to introduce energy ideas before the
study of motion. Students then observe
different types of motion and infer changes
in energy. An example of the use of this
approach is found in Interactions in Physi-
cal Science (Goldberg et al. 2009).

Forces and Newton’s Laws
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Friction

Ansel slides down the playground slide. He notices

that the new pants he is wearing slow him down on ﬂ

the slide. When he mentions this to his friend Sergio, ‘ g %
Sergio says the rubbing of Ansel’s pants against the

slide was caused by something called friction—and it is

the friction that made Ansel slow down. Ansel wonders

about the other ways friction could occur. Check off all

the kinds of contact that could cause friction.

Car tires rolling on the road %v

|
(D

A magnet on the front of a refrigerator

A box sliding down a hill

A box sitting on the slope of a hill (not moving)

A box sitting on a flat table

Rollerblading on a flat road

Ice skater gliding on an ice rink

Z & M m U O W »

Car parked on a steep driveway (not moving)

I Laundry hanging on a clothesline with clothespins

Explain your thinking. What rule or reasoning did you use to decide what

causes friction?
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Friction

Purpose

The purpose of this assessment probe is to elicit
students’ ideas about friction between solid
objects. The probe is designed to determine
(a) whether students recognize friction as an
interaction between two objects or materials
that rub against/slide over each other and (b)
whether they limit this interaction to a partic-
ular type of matter or contact.

Related Concepts

contact force, friction, interaction, kinetic
friction, rolling friction, sliding friction,
static friction

Explanation

All of the choices are examples of friction with
the exception of E (box sitting on a flat table).
A wheel rolling on a surface is an example of
“rolling friction.” A magnet is attracted to the
refrigerator with a magnetic force, but it is
the frictional force that prevents the magnet
from sliding down the front of the refrigera-

tor. A box would slide down a hill if there
were no friction between the box and the hill.
Although an ice rink provides a low friction
surface, there is still some friction between
an ice skate and the ice rink (the skater will
eventually slow down and stop if she does not
push off). Even a clothespin can only work
because of the friction force between the
clothes and the surface of the clothespin. In
all of the examples except for A and F, which
are examples of rolling friction, the friction
force acts parallel to the two surfaces that are
in contact with each other. Because the sur-
faces are sliding past each other, C and G are
examples of what is called “kinetic friction.”
The other examples (except for A and F) are
called “static friction” because the surfaces
are not moving relative to one another.

Administering the Probe

This probe is best used with middle school and
high school students. It can also be used with
upper elementary students by removing the
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static friction distracters that don’t involve a vis-

ible rubbing or sliding (i.e., B, D, H, and I).

Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Motions and Forces

*  Unbalanced forces will cause changes in the
speed or direction of an object’s motion.

9-12 Motions and Forces
e Objects change their motion only when a
net force is applied.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

3-5 Motion

e Changes in speed or direction of motion
are caused by forces.

6-8 Motion
* An unbalanced force acting on an object
changes its speed or direction of motion,

or both.

9-12 Forces of Nature

*  Electric forces hold solid and liquid materi-
als together and act between objects when
they are in contact—as in sticking or slid-
ing friction.

Related Research

e In a study by Stead and Osborne (1981),
50% of 13-year-olds in their sample group
of 38 12- to 16-year-olds associated fric-
tion with rubbing (Driver et al. 1994).

e Some students thought that if a box is
motionless on a slope, there is no fric-
tion (because there is no rubbing, heat,
or wearing down of surfaces) (Stead and

Osborne 1980).

e In a group of 47 secondary students, the
following ideas about friction were held:
Friction occurs only between solids (12 stu-
dents) and friction occurs with liquids but
not with gases (10 students). Only 16 stu-
dents called friction a force (the responses
of 9 students were in an “other” category)

(Stead and Osborne 1980).

Suggestions for Instruction and

Assessment

o Ask students to recall times when they eas-
ily slid down a slide on a playground and
other times when they were slowed down
on the slide. Ask them to compare the
interaction between themselves and the
slide that occurred in each case.

e It is important to develop the concept of
interactions when teaching about friction.

e Encourage students to come up with
examples of friction involving moving and
stationary objects.

e Consider extending the probe to examples
that include fluid friction, such as the drag
on an object in air or water.

e Research shows that some students may
benefit from the introduction of an inter-
mediate model of friction, similar to the
bridging analogies used by Clement (1993)
(Besson and Viennot 2004). For example,
have students try to slide two hairbrushes
across each other. Students will see the
bristles pushing against each other.
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A World Without
Friction
AN

Karen and Jeff walk to school each day. Part of their trip is flat, part is uphill, and
part is downhill. Karen and Jeff are trying to imagine what it would be like to walk
to school if there were no friction in the world.

Karen: “To go to school in the morning, I could just push off from my front door
and I could slide all the way to school!”

Jeft: “No, I don’t think that would work. You would eventually slow down

after awhile.”

Whom do you agree with and why?
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A World Without
Friction

Purpose

The purpose of this probe is to examine students’
ideas about an imaginary frictionless environ-
ment. The probe is designed to reveal students’
ideas about the effect of friction on motion.

Related Concepts

friction, Newton’s first law

Explanation

The best answer is Karen’s: “To go to school in
the morning, I could just push off from my front
door and I could slide all the way to school!”
This is because without friction there is no way
to dissipate kinetic energy; therefore you would
continue to move in a straight line without
slowing down or speeding up unless acted on by
another force. (Karen better aim well because
once she kicks off, there is no changing direc-
tion!) For example, you would slow down if you
started to go up a hill (but then you would even-

tually turn around and speed up in the opposite
direction) or you would change direction if you
ran into an object.

Administering the Probe

The probe is best used with middle school and
high school students to encourage discussion
about what a frictionless environment would

be like.

Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Motions and Forces

e Unbalanced forces will cause changes in the
speed or direction of an object’s motion.

9-12 Motions and Forces
*  Objects change their motion only when a
net force is applied.

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

6-8 Motion

e An unbalanced force acting on an object
changes its speed or direction of motion,

or both.

9-12 Motion

e Any object maintains a constant speed and
direction of motion unless an unbalanced
force acts on it.

Related Research

e In a study by Stead and Osborne (1981),
friction was associated with rubbing
by 50% of 13-year-olds in the sample
group of 38 12- to 16-year-olds (Driver
et al. 1994).

e Researchers have found that there is a
widely held view among students of all
ages that there is something called “force”
within an object that keeps it moving.
Students who have this notion of force
(impetus idea) believe a pushed object will
eventually slow down and stop because it
runs out of “force” or that a force needs
to keep being applied in order to maintain
constant motion (Driver et al. 1994).

e Most 15-year-olds expect a moving object to
come to a stop, even when there is no fric-
tion. This explains the student resistance
that teachers can face when trying to teach
Newton’s first law (Driver et al. 1994).

Suggestions for Instruction and

Assessment

e Drama and imagination can play an impor-
tant role in connecting a student’s experi-
ences to scientific principles (Wilhelm
and Edmiston 1998). What a student can

imagine is often an important window into
how he or she is thinking. Younger students
reveal what they are thinking when we ask
them to “act out” a situation. Older students
can be asked to write a short story with the
title “How I Got to School Today in a World
Without Friction” and then share their sto-
ries with one another.

e Ask students to come up with examples
of friction in their everyday lives and dis-
cuss what would happen if those examples
became “frictionless.”

e Compare and contrast the motion of an
object on different surfaces (low friction—
high friction; flat; uphill-downhill) when it
has been given a push. Then consider what
would happen if it were possible to have a
frictionless surface and an object were given
a push on those three different surfaces.
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Rolling to a Stop

Rachel is wearing roller skates and is standing next
to a wall. She pushes off from the wall and then
glides to a stop. Place an X next to all the statements

that you think are true about Rachel’s motion.

A 'The force from the wall is becoming less

and less as Rachel glides on her skates.

B Rachel’s motion energy is naturally going

down and the energy is disappearing.

C Rachel’s motion energy is being turned

into other types of energy.

D There is a force by the ground slowing
Rachel down.

E 'There is a force by the ground that keeps
Rachel moving for a while before she

stops.

Explain your thinking about why Rachel slowed down and stopped after pushing off

from the wall.
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Rolling to a Stop

Purpose

The purpose of this assessment probe is to
elicit student ideas related to force, energy,
and motion. The probe is designed to identify
students who may think about force as being
carried by an object, rather than as being an
interaction between objects. The probe will
also identify those students who may confuse
energy ideas with force ideas.

Related Concepts

energy transfer, friction, interaction

Explanation

The two best answers are (C) Rachel’s motion
energy is being turned into other types of energy,
and (D) There is a force by the ground slowing
Rachel down. Changes in energy are evidence
of an interaction. An example of an interac-
tion is a contact force between two objects. In
this case, there is a force acting by the floor on
the skates that is causing Rachel to slow down.
This type of force (between a wheel and the sur-

N

face on which it rolls) is called rolling friction
(although one can also consider the rotational
friction within the wheels of the skates). There
is also an energy transfer from Rachel and her
skates to the floor, as well as motion energy that
is transferred to the wheels (in the form of heat)
due to the friction within the wheels. The floor
and the rubbing in the wheels are taking energy
away as Rachel moves on her skates. Distracter
A implies that the force exerted by the wall is
transferred and carried by Rachel. Distracter
B is partially correct in that Rachel’s motion
energy is decreasing; however, the motion
energy does not disappear—it is transferred to
other locations, including the floor, the air, and
the skates themselves.

Administering the Probe

This probe is best used with middle school
and high school students. If roller skates or a
skateboard is available, this probe can be mod-
eled in the classroom. (If teachers prefer to use
a sliding friction example, such as ice skates,

National Science Teachers Association
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instead of rolling friction—which is used in
this example because students can use roller
skates or a skateboard on the classroom floor
whereas an ice rink would be difficult to dupli-
cate in the classroom—the probe can be modi-

fied accordingly.)

Related Ideas in National
Science Education Standards
(NRC 1996)

5-8 Motions and Forces

e An object that is not being subjected to a
force will continue to move at a constant
speed and in a straight line.

* If more than one force acts on an object
along a straight line, then the forces will
reinforce or cancel one another. Unbal-
anced forces will cause changes in the speed
or the direction of an object’s motion.

5-8 Transfer of Energy

* Energy is transferred in many ways.

9-12 Motions and Forces
e Objects change their motion only when a
net force is applied.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

3-5 Motion

e Changes in speed or direction of motion
are caused by forces.

6-8 Motion
* An unbalanced force acting on an object
changes its speed or direction of motion,

or both.

6-8 Energy Transformations
e Whenever energy appears in one place,
it must have disappeared from another.

Whenever energy is lost from somewhere,
it must have gone somewhere else.

*  Energy appears in different forms and can
be transformed within a system. Motion
energy is associated with the speed of an
object.

9-12 Motion

e Any object maintains a constant speed and
direction of motion unless an unbalanced
outside force acts on it.

Related Research

e Many students think that if an object is
moving, then there is a force acting on it.
There is a strong belief that a force must
be constantly applied in order for motion,
including constant speed, to continue
(Gunstone and Watts 1985).

e Some students tend to think of force
as a property of an object, rather than
an interaction between objects (Brown
and Clement 1989; Dykstra, Boyle, and
Monarch 1992).

e Some students think forces only get
things moving but are not responsible for
stopping things (Minstrell 1989). Some
think that things stop when the force
or energy in the object runs out (Driver
et al. 1994).

e A common belief among students of all
ages is that all objects eventually slow
down and stop (Driver et al. 1994).

Suggestions for Instruction and

Assessment

e This probe can be used prior to instruction
to elicit student ideas about the words force
and energy. Many students come to class
with a sophisticated vocabulary but with-
out an understanding of what these words
mean. A full development of these ideas
should include the introduction of the
principle of the conservation of energy.

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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e When used after instruction, the results
from this probe can help teachers better
understand student difficulties that persist.
Teachers can then revise their instruction
accordingly. They can ask the students to
describe all the forces that are acting on
the skater (a) during the push against the
wall and (b) after the skater has let go.
Also, teachers can ask students to consider
all energy transfers and transformations

during parts (a) and (b).
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Outer Space Push

A box is lying on the table. You give
the box a quick shove and notice
that the box slides on the table for
a short time and then comes to a
stop. You then do the same thing on
a smooth floor. With the same push
from your hand, the box slides for
a longer time, but then eventually
comes to a stop. You wonder what
would happen if you could push
the box in outer space, away from
any other planets or atmosphere. If
you could give the box the same push, what do you think would happen? Circle the

answer that best matches your thinking.

A The box will move forever because nothing is slowing the box down.

The box will slow down because the push that you gave it will eventually wear

out.

C 'The box will slow down because it will eventually lose all its energy.

Explain your thinking. Describe the reasoning you used for your answer.
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Outer Space Push

Purpose

This probe is a type of thought experiment
designed to elicit students’ ideas about Newton’s
firstlaw of motion. It is designed to reveal whether
students recognize that an object in motion will
continue moving unless acted upon by a force.

Related Concepts

Newton’s first law

Explanation

The best answer is A: The box will move for-
ever because nothing is slowing the box down.
If there are no forces acting on the box, then
the box will continue to move in a straight
line at constant speed. This is consistent with
Newton’s first law of motion, which states
that objects in motion tend to stay in motion
unless acted upon by a force. Because there is
no outside force acting on the moving box, it
will stay in motion in outer space.

Administering the Probe

This probe is best used in middle school and
high school. Make sure students understand
the context of outer space before asking them

to respond to the probe.

Related Ideas in National
Science Education Standards
(NRC 1996)

5-8 Motions and Forces
An object that is not being subjected to a
force will continue to move at a constant

speed and in a straight line.

9-12 Motions and Forces
e Objects change their motion only when a

net force is applied.

Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.

National Science Teachers Association



Forces and Newton’s Laws

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

3-5 Motion

e Changes in speed or direction of motion
are caused by forces.

6-8 Motion
e An unbalanced force acting on an object
changes its speed or direction of motion,

or both.

9-12 Motion

* Any object maintains a constant speed and
direction of motion unless an unbalanced
outside force acts on it.

Related Research

e Researchers have found that there is a
widely held view among students of all
ages that there is something called “force”
within an object that keeps it moving. Stu-
dents who have this notion of force (impe-
tus idea) believe that a pushed object will
eventually slow down and stop because it
runs out of “force” or that a force needs
to keep being applied in order to maintain
constant motion (Driver et al. 1994).

e Most 15-year-olds expect a moving object to
come to a stop, even when there is no fric-
tion. This explains the student resistance
that teachers can face when trying to teach
Newton’s first law (Driver et al. 1994).

e Some students believe that inertia is an
intrinsic resistance of an object to motion

(Halloun and Hestenes 1985).

Suggestions for Instruction and

Assessment

e Itis difficult for students to imagine a world
where no forces are acting, but even when
they can conceive of such a world, some stu-
dents will continue to believe that the box

will still slow down (because it runs out of
either “force” or “energy”). These students
are using reasoning that is consistent with
what is often called impetus theory, which
was first put forward by Aristotle. Listen to
how students use the word force in a sen-
tence. Students who say that “the book now
has a force” are probably thinking of force
as something that the hand gives the box
and that the box then carries as it moves.
Instead, they need to understand that force
is an interaction between the hand and the
box that only occurs while the hand is in
contact with the box.

e The idea that an object in motion will stay
in motion unless acted on by a force is diffi-
cult to demonstrate because of the presence
of friction. Science supply companies make
“low friction” carts, air tables, air tracks, and
dry ice pucks to help students understand
this idea. An inexpensive “hovercraft” can
be made from a balloon, a bottle cap, and
an old CD. A Google search of “CD Hov-
ercraft” will turn up several websites that
explain how to make one of these devices.
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Riding in the Parade

Cindy is very excited—she has been asked to ride in a parade! During the parade, she
stands in the middle of the float and waves to the crowd while the float is moving down
the street at a constant speed. While she is waving, she sees her friend standing on the

sidewalk. She jumps straight up as high as she can so that her friend will see her.

——

When Cindy lands back on the float, where will she land?

A She will land in the same place on the float from where she jumped.

She will land closer to the front of the float than where she was before she
jumped.

C She will land closer to the back of the float than where she was before she
jumped.

Draw where Cindy will land on the float (below).

—_——
Explain your thinking. Describe the reasoning you used to make your prediction.
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Riding in the Parade

Purpose

The purpose of this probe is to elicit stu-
dents’ ideas about relative motion. The probe
is designed to reveal whether students use
Newton’s first law of motion to predict where
a person would land on a moving object if he
or she jumped straight up while the object
was moving.

Related Concepts

Newton’s first law

Explanation

The best answer is A: She will land in the same
place on the float from where she jumped—
that is, she will land in the middle of the float.
She and the float are both moving with the
same speed. She will continue her forward
motion even though she is no longer in con-
tact with the float. Another example of this
motion is when a person jumps up inside an
airplane that is moving very fast. This person

?
s

will land back down directly where he or she

jumped from, even though the airplane is mov-
ing while the person is up in the air. Newton’s
first law says that objects in motion continue
in motion unless acted on by a force. The
float pushes Cindy up to allow her to jump.
Nothing is pushing Cindy sideways, so her
sideways motion will continue to be the same,
that is, she will have a steady sideways speed.
More advanced students may try to take air
resistance into account and will predict that
she lands slightly in back of the center line.
This is also a correct statement if accompanied
by the correct explanation.

Administering the Probe

This probe is best used with middle school and
high school students. Be sure students know
that the float is not speeding up, slowing down,
or changing direction. It is moving at a steady
speed in one direction.
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Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Motions and Forces

* An object that is not being subjected to a
force will continue to move at a constant
speed and in a straight line.

9-12 Motions and Forces
*  Objects change their motion only when a
net force is applied.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

3-5 Motion

e Changes in speed or direction of motion
are caused by forces.

6-8 Motion
* An unbalanced force acting on an object
changes its speed or direction of motion,

or both.

9-12 Motion

* Any object maintains a constant speed and
direction of motion unless an unbalanced
outside force acts on it.

Related Research

e Everyday experiences from birth onward
result in firmly established ideas called “gut
dynamics.” These “gut dynamics” underlie
most people’s ability to interact with mov-
ing objects and to play sports. In addition,
people appear to generate for themselves
a set of explanations and rules for why
things move the way they do. These rules
have been termed “lay dynamics” (Driver
etal. 1994, p. 154).

e Several researchers have found that com-
puter simulations can help students to

understand relative motion (Monaghan
and Clement 2000; Morecraft 1985).

Suggestions for Instruction and

Assessment

e Students can sit on a rolling skateboard
or other moving object and throw a ball
straight up into the air to see what hap-
pens. (Note: It is difficult to toss a ball
straight up. Before sitting on a rolling
skateboard or other moving object in the
classroom, have students practice “push-
ing” the ball off their palms so it rises
up slightly in a straight line and lands
back on their palms.) Some science sup-
ply companies sell a cart that contains a
spring-loaded launcher that will shoot a
ball straight up into the air. This common
demonstration shows that when the cart
is moving at constant speed in a straight
line, the ball will land directly back into
the launcher.

o A useful resource is the DVD movie
collection called Physics Cinema Clas-
sics. 'These film clips show a wide variety
of motions, including visual evidence
of Newton’s first law. The DVD can be
ordered from the American Association
of Physics Teachers: www.aapt.org/Store/
cinemaclassics.cfm.
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Spaceships

You are part of a team that has been asked to choose a design for a plane for outer
space. It is very important that the plane be able to turn quickly. The engines that are
attached to each plane are shown with this symbol: £\

Circle the design that will BEST allow the plane to turn quickly in space.

Vi

C D

Explain your thinking. Describe the reasoning that helped you decide which design
to select.
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Spaceships

Purpose

This probe is designed to elicit students’ ideas
about changing the direction of motion in the
absence of air. Many students will have seen
movies or television shows in which spaceships
turn by banking or using wing flaps. In outer
space, where there is no air to push off of, these
motions would not be possible.

Related Concepts
changing direction, direction of motion,
Newton’s first law

Explanation

Design C—the hexagon shape (with multiple
engines)—is the only design that would be
able to turn in space. There is no atmosphere
in space, so a plane cannot turn by banking
or using “flaps” on the wings. With engines

LG [

VA

Cc D

that point in only one direction, a plane would
be able to speed up only in that direction
and would not be able to slow down or turn.
Students who have seen science fiction mov-
ies such as Star Wars may have been misled
by the incorrect design of spacecraft used in
those types of movies. The hexagon shape has
engines that face in many directions, allowing
the plane to speed up (in any direction toward
which an engine is pointing) and to slow down
by firing an engine that will push in the oppo-
site direction of motion.

Administering the Probe

This probe is best used with upper middle
school and high school students. Before using
it, make sure that students understand that in
space, where the plane will be flying, there is
no air or atmosphere.
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Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Motions and Forces

e An object that is not being subjected to a
force will continue to move at a constant
speed and in a straight line.

9-12 Motions and Forces
*  Objects change their motion only when a
net force is applied.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

3-5 Motion

e Changes in speed or direction of motion
are caused by forces.

6-8 Motion
* An unbalanced force acting on an object
changes its speed or direction of motion,

or both.

9-12 Motion

*  Any object maintains a constant speed and
direction of motion unless an unbalanced
outside force acts on it.

Related Research

e Students need numerous opportunities to
apply Newton’s three laws to experiences
outside the classroom (Pugh 2004).

e Many students have a deep-seated belief
that motion implies force—an idea that is
based on their everyday experiences in an
environment with friction. This belief can
hinder their understanding of Newton’s
first and second laws, which describe the
relationship between force and acceleration
(or a change in motion) (Clement 1982).

Suggestions for Instruction and

Assessment

e The NSTA website has a feature called
“Blick on Flicks,” in which a physics pro-
fessor reviews movies for scientific accuracy
(see, for example, “Amelia and the Physics
of Flight”). This free site is www.nsta.org/
publications/blickonflicks.aspx.

e With older students, you can also use this
probe as an example of Newton’s second
law of motion, which states that the accel-
eration of an object is in the direction of
the net force acting on the object. Each
engine can push on the spaceship in only
one direction (forward). This is why you
would need multiple engines to turn right
or left (or to slow down).

e Following the probe, use the formative
assessment classroom  technique (FACT)
called “Misrepresentation Analysis” (Keeley
2008) to have students critique movies such
as Star Wars that depict spaceships shaped
like distractor examples B or D banking
sharply to the left or right.
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Apple in a Plane

David is sitting in an airplane, flying over the
Atlantic Ocean. The plane is moving very
fast at a constant speed. He pulls an apple
out of his bag and places it on the tray in
front of him. Put an X next to all the major

forces that are acting on the apple.

A A force by the tray pushing up on
the apple

B A force by the Earth pulling down
on the apple

A force by the air pushing down on the apple
A force by the air pushing up on the apple

A force by the apple holding it onto the tray

C

D

E A force by the plane in the direction that the plane is moving

F

G No forces are acting on the apple because it is at rest on the tray.
H

No forces are acting on the apple because it is inside a fast-moving plane.

Explain your thinking. Describe any rules or evidence that you have to support your

answer.
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Apple in a Plane

Purpose

The purpose of this assessment probe is to elicit
students’ ideas about force related to the inter-
action between inanimate objects. The probe
is designed to determine which forces students
think act on an object at rest when it is inside
a fast-moving object.

Related Concepts
active action, contact force, gravitational force,
interaction, normal force, passive action

Explanation

The best answers are A and B: “A force by the
tray pushing up on the apple” (a type of contact
force that is called a “normal force” because the
force acts perpendicular to the surface) and “A
force by the Earth pulling down on the apple”
(gravitational force). These forces balance each
other so that the motion of the apple is not
changing (in this case, the motion of the apple
is not changing even though it is inside a fast-

moving plane). Some students may answer that
the air also exerts a force on the apple. However,
because this force is exerted in all directions,
cumulatively it is very small and is pointed
upward (a buoyancy force) and not downward.

Administering the Probe

This probe is best used with middle school and
high school students. Make sure students rec-
ognize the apple is sitting on a tray inside a
fast-moving plane. It is this feature—an object
at rest inside a fast moving object—that distin-
guishes this probe from the “Apple on a Desk”
probe in Keeley, Eberle, and Dorsey (2008).

Related Ideas in National
Science Education Standards
(NRC 1996)

K-4 Position and Motion of Objects

e The position and motion of objects can be

changed by pushing or pulling.
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5-8 Motions and Forces

e If more than one force acts on an object
along a straight line, then the forces will
reinforce or cancel one another.

9-12 Motions and Forces

* Whenever one object exerts a force on
another, a force equal in magnitude and
opposite in direction is exerted on the first
object.

e Gravitation is a universal force that each
mass exerts on any other mass.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

3-5 Forces of Nature

e The Earth’s gravity pulls any object toward
it without touching it.

6-8 Forces of Nature
e Every object exerts gravitational force on
every other object.

9-12 Motion

* Whenever one thing exerts a force on
another, an equal amount of force is exerted
back on it.

Related Research

e Students tend to distinguish between
active objects and objects that support,
block, or otherwise act passively, such as a
table. Students tend to recognize the active
actions as forces but often do not consider
passive actions to be forces. Teaching stu-
dents to integrate the concept of passive
support into the broader concept of force is
challenging, even at the high school level
(AAAS 1993).

e Some students believe that if a body is
not moving, there is no force acting on it

(AAAS 1993). Elementary students typi-

cally do not understand gravity as a force.
If students do view weight as a force, they
often think it is the air that exerts a down-
ward force (AAAS 1993).

e Sjoberg and Lie (1981) found that the state
of rest is widely regarded by students as a
natural state in which no forces are acting
on an object. Furthermore, Minstrell (1982)
used a question (which this probe was based
on) that asked students to describe the
forces acting on a book resting on a table.
He found that students had several ideas
about the stationary object: gravity kept
the book in place; air pressure kept the
book in place; the table was “in the way”
of the book’s falling; an object in contact
with the Earth, like a book on the ground,
no longer experiences the force of gravity;
and a downward force on the book must be
greater than an upward force (otherwise, the
book would float away). He found the table
“being in the way” was the most widely held
view (Driver et al. 1994, p. 156).

Suggestions for Instruction and

Assessment

e 'This probe can be combined with the
“Apple on a Desk” probe in Uncovering
Student Ideas in Science, Vol. 3 (Keeley,
Eberle, and Dorsey 2008). In that probe,
the apple is at rest on a table in a house
(although the Earth is also moving quite
fast) whereas in this probe the apple is on a
tray inside a fast-moving object. It may be
useful to administer both probes to see if
students answer differently depending on
whether the apple is on a stationary object
or in an airplane moving at a constant, fast
speed.

e Provide students with a sequence of sce-
narios that demonstrate that all surfaces
deform in a springlike fashion when objects
are placed on them and that the tendency
of surfaces to return to their original shape

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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causes them to exert force on the object.
This type of bridging analogy is especially
effective with high school students (Clem-
ent 1993; Minstrell 1982).

It is difficult to convince some students
that any forces at all are acting in the situ-
ation given in the probe. Ask them, Whar
would happen if you took the tray away?
They should reply that the apple would
fall. To “feel” that a force is exerted by the
tray on the apple to keep the apple at rest,
ask students to hold out one hand, palm
flat and upward, and pretend the hand is
the tray. Then put a heavy object in the
palms of their hands and ask them to hold
their hands so the object is not moving.
They will notice how they must continu-
ally push upward on the object in order
for it not to move. Help them see how
this force balances the force of gravity,
which would cause the object to fall if they
removed their hands. If they push harder
on the object or relax their muscles, the
forces would be unbalanced and the object
would move upward or downward.

It is often difficult for students of all ages
(K-12) to grasp that force is an interaction
between a pair of objects. To help them
internalize this concept, encourage them
to identify all the forces in the probe situ-
ation as interactions instead of just naming
the forces. For example, instead of nam-
ing gravity as one of the forces, have them

Forces and Newton’s Laws

describe the interaction as “gravitational
force by the Earth on the apple.”
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Ball onh a String

Philippe is playing a game at the county fair. He is trying to hit a target—a long pole—
by twirling a ball on a string. The ball is making a circular motion over Philippe’s
head (see the diagram below). The arrow shows the direction the ball is twirling in.
When do you think that Philippe should let go of the string in order to hit the target?
Circle your prediction (A, B, C, D, or E) on the diagram below.

A E: C

Explain your thinking. On the diagram, draw the ball’s path after it leaves the point

marked by the letter that you circled.
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Ball on a String

Purpose

The purpose of this assessment probe is to
elicit students’” ideas about Newton’s first law
in the context of circular motion. The probe is
designed to determine whether students recog-
nize that an object will move in a straight line
unless acted on by an outside force.

Related Concepts
centripetal force, circular motion, Newton’s
first law

Explanation

The best answer is C: The ball will move in a
straight line directly toward the target after it
is let go. If no outside forces act on an object,
an object will continue to travel in a straight
line at a constant speed. As the ball twitls on
the end of the string around the boy’s head,
the sideways force (caused by the tension in
the string) points toward the center of the
circle. This type of force is called a centripetal
force because this force keeps the ball moving

in a circular path. If this force no longer acts
on the object, then the object will no longer
travel in a circle around the center. When the
boy lets go of the string at point C, this force
goes away and the ball will continue to move
in a straight line according to Newton’s first
law. (Newton’s first law states that an object
will remain at rest or in uniform motion in
a straight line unless acted on by an external
force.) Because the external force is no longer
exerted by the string pulling on the ball, the
ball will fly off in a straight-line path toward
the target. (Vote: This straight line is tangent
to the circle at point C. This is not a horizontal
line, as it would be at point B.)

Some students may confuse “straight line”
with “horizontal line” and choose point E.
Older students may have seen a different form
of this question on the Force Concept Inventory
(Halloun and Hestenes 1985) and inadvertently
choose point B because this path would be hor-
izontal. However, this path would not hit the
target. The correct path is tangent to the circle

National Science Teachers Association
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at the point of release. This is because the veloc-
ity of the ball at any instant as it travels around
the circle is also tangent to the circle.

Administering the Probe

This probe can be used with elementary, middle
school, and high school students. With younger
students, the emphasis should be on describing
motion and on making and testing a prediction.
The explanation of Newton’s law and centripetal
force should wait until middle school. Consider
demonstrating the context of this probe to your
class by tying a soft object to the end of a string
and twirling it over your head to demonstrate
its circular motion (do not let go as you want
students to make a prediction about where the
object will land after you let go).

Related Ideas in National

Science Education Standards

(NRC 1996)

K-4 Position and Motion of Objects

e The position and motion of objects can be
changed by pushing or pulling.

5-8 Motions and Forces

* The motion of an object can be described by
the object’s position, direction, and speed.

*  Unbalanced forces will cause changes in the
speed or direction of an object’s motion.

9-12 Motions and Forces
*  Objects change their motion only when a
net force is applied.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

K-2 Motion

e Things move in many different ways, such
as straight, zigzag, round and round, back
and forth, and fast and slow.

3-5 Motion
e Changes in speed or direction of motion
are caused by forces.

6-8 Motion

* An unbalanced force acting on an object
changes its speed or direction of motion
or both. If the force acts toward a single
center, the object’s path may curve into an
orbit around the center.

9-12 Motion

* Any object maintains a constant speed and
direction of motion unless an unbalanced
outside force acts on it.

Related Research

o Students’ experiences with whirling objects
on a string may contribute to their confu-
sion about the direction of the force that the
string is exerting on the object. Students
may think they are exerting force along the
circular path of the object’s motion, rather
than perpendicular to it, toward the center
(Arons 1997).

e Many students think that objects in cir-
cular motion are being “thrown outward.”
They are likely to think this because of the
sensation they feel themselves when travel-
ing around curves in vehicles (Arons 1997,
p. 121).

e Some students think that when a sideways
force is removed, an object continues along
a curved path that is less curved than the
original. Some students also believe that
after the sideways motion (tangential veloc-
ity) wears out, the object falls into the cen-
ter (Roth, Lucas, and McRobbie 2001).

Suggestions for Instruction and
Assessment
o This probe can be combined with the “Roll-

ing Marbles” probe in Uncovering Student
Ideas in Science, Vol. 3 (Keeley, Eberle, and

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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Dorsey 2008). In that probe, a marble is
rolling down a curved chute. Students pre-
dict what the path of the marble will be as
it goes down the chute.

This probe can be used as a P-E-O-E probe
(Keeley 2008). Ask students to predict what
the motion of the ball will be and explain
their reasons for their predictions. Stu-
dents then test their predictions by tying a
soft object to the end of a string, swinging
it over their heads, letting go, and observing
the motion of the object (NVoze: The motion
can be difficult to view if students twirl the
ball very fast). If their observations do not
match their predictions, they are encour-
aged to rethink their predictions and con-
struct new explanations. (Safety Note: Be
sure to use soft objects tied at the end of
the string and have students stay clear of
the objects when they let go of the string.
Use soft nerf balls or a stuffed sock.)
Encourage students to investigate this phe-
nomenon in different ways. For example, try
removing a section of an embroidery hoop
and rolling a marble along its inside edge.
If a playground merry-go-round is avail-
able, have a student riding on the merry-
go-round release a ball after reaching a
certain point. Have other students note
the motion of the ball. Does it travel in a
straight or curved line?

Attach a string to the side of a wind-up
toy that travels in a straight line. Show
students that pulling on the string pulls
the toy sideways only. Have them pull on
the string and watch the toy travel in a
curved path. Then have them release the
string and watch the motion of the toy
as they do so. After they do this several
times in a row, have students compare
this slow-motion example and the forces

Forces and Newton’s Laws

acting on the toy to the motion of the
ball on the string.

e If students have had experiences with gar-
den hoses, ask them what direction the
water flows in when they turn on a spigot
and the water comes out of a coiled hose
that is lying flat on the ground. Many
students have seen the water shoot out in
a straight line rather than a curved path.
Because this phenomenon involves a liquid
(water) rather than a solid object, it helps
them recognize that Newton’s first law
applies to liquids as well as solids.
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Why Things Fall

-

Kathy had a heavy metal ball and Rich had a light wooden ball. They dropped the
balls from the same height. They were surprised to discover that the two balls reached
the ground at the same time. This is what they said after the balls landed:

Kathy: “The force of gravity must be acting the same on both balls.”

Rich:  “I'don’tagree. The metal ball weighs more, so the force of gravity is more on

the heavier ball.”

Whom do you agree with and why?
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Why Things Fall

Purpose

The purpose of this assessment probe is to elicit
students’ ideas about falling objects. The probe
is designed to find out whether students recog-
nize the role of mass and forces in understand-
ing why heavy and light objects can fall at the
same rate.

Related Concepts
acceleration, gravitational force, mass, net
force, Newton’s second law, weight

Explanation

Rich has the best answer. For a larger mass to
accelerate at the same rate as a smaller mass
and hit the floor at the same time, the net force
acting on the larger mass must be larger. The
heavier ball has more mass than the lighter ball.
But because the heavier ball’s mass is greater, it
needs a larger force to make it accelerate at the
same rate as the lighter ball. The ratio of the

net force to the mass of the ball is the same for
both balls, so they fall at the same rate.

There is a stronger gravitational force on
the heavy metal ball; however, the stronger
pull on this ball is canceled out by the extra
effort required to speed it up (accelerate). If yet
another ball were dropped that had five times
the mass of the metal ball, the force pulling
that ball downward would be five times greater,
but that ball would also be five times more dif-
ficult to speed up. As a result, this even heavier
ball would accelerate just as quickly and hit
the floor at the same time as the metal ball.
(NNote: This probe assumes that the effect of air
resistance on the balls is negligible.)

Administering the Probe

This probe is best used at the upper mid-
dle school and high school levels. Consider
demonstrating this probe using two balls of
different masses (e.g., a wooden ball and a

metal ball).
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Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Motions and Forces

e If more than one force acts on an object
along a straight line, then the forces will
reinforce or cancel one another, depending
on their direction and magnitude. Unbal-
anced forces will cause changes in the
speed or direction of an object’s motion.

9-12 Motions and Forces

*  Objects change their motion only when
a net force is applied. Laws of motion are
used to calculate precisely the effects of
forces on the motion of objects. The mag-
nitude of the change in motion can be
calculated using the relationship Force =
Mass x Acceleration, which is independent
of the nature of the force.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

6-8 Motion

e An unbalanced force acting on an object
changes its speed or direction of motion,

or both.

9-12 Motion

* 'The change in motion of an object is pro-
portional to the applied force and inversely
proportional to the mass.

Related Research

e Students do not always identify a force
to account for falling objects. They think
objects “just fall naturally” or that the per-
son letting go of the object has caused it to
fall (Driver et al. 1994).

e Studies by Osborne (1984) found that stu-
dents think heavier objects fall faster.

Students of all ages (including university
students) tend to think that heavier objects
fall to Earth faster because they have a
bigger acceleration due to gravity (Driver
et al. 1994).

A diversity of misconceptions is found at all
age levels. Children between the ages of 7
and 9 progress from the idea that things fall
because they’re not supported to the idea that
things fall because they’re “heavy.” Between
the ages of 9 and 13, students begin to use
the term gravity, an unseen force, to explain
falling, and might say “gravity acts just on
heavy objects” or “things fall because air is
pushing them down.” Surprisingly, many
high school and college students who can
successfully solve numerical problems involv-
ing gravity hold qualitative misconceptions
similar to those held by much younger stu-
dents (Kavanaugh and Sneider 2007).
Champagne, Klopfer, and Anderson
(1980) administered the Demonstra-
tion, Observation, and Explanation of
Motion Test to 110 students enrolled in
an introductory physics course at a major
U.S. university. In this test, the instructor
carries out demonstrations and asks stu-
dents to observe (and sometimes predict)
the motion of objects and then answer
questions about what they see. Although
70% of the subjects had studied high
school physics, some for two years, the
test revealed that four out of five stu-
dents believed that, all other things being
equal, heavier objects fall faster than
lighter ones. The researchers also reported
that many students believed that objects
fall at constant speed, arguing that speed
depends only on weight (mass), which
also remains constant. Students who had
learned that objects accelerate in free fall
reconciled their inconsistent beliefs by
saying that acceleration must be due to
an increasing force of gravity as the object

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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gets closer to the ground, and they fur-
ther supported this idea by claiming that
there is no gravity in space (Kavanaugh
and Sneider 2007).

Suggestions for Instruction and

Assessment

* 'This probe can be combined with a
related probe, “Dropping Balls,” found in
Uncovering Student Ideas in Science, Vol. 3
(Keeley, Eberle, and Dorsey 2008).

e 'The fact that heavy objects are more
strongly attracted by gravity than are
lighter objects but both fall at the same
rate seems like a contradiction to many
students. Teachers can help students
resolve this apparent contradiction by
exploring the concept of inertia (that the
heavier object requires a greater force to
make it move).

e Students will often conclude that “gravita-
tional force acts the same on all objects”
when they observe that objects fall at the
same rate. When a class is performing
these types of free-fall experiments, teach-
ers should remind students that heavier
objects experience a larger gravitational
force than lighter objects.

Forces and Newton’s Laws
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Pulling on a Spool

&

Newton’s second law of motion states that the net force acting on an object will cause

the object to accelerate in the direction of the net force.

Suriya wants to use wooden spools to make a toy. She first has to figure out how to
make a spool roll. She wraps a string around a spool as shown. When Suriya pulls
the string slowly to the right, what do you think will happen to the spool? Circle the
answer that you think is the best.

A The spool will accelerate to the right in the direction of the pull.

B The spool will accelerate to the left, opposite to the direction of the pull.

C 'The spool will accelerate neither to the right or left—it will move straight ahead.

Explain the reason for your answer.
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Pulling on a Spool

()

The purpose of this assessment probe s to elicit
students’ ideas about motion in the direction
of a net force, using a discrepant event. The
probe is designed to determine whether stu-
dents revert to strongly held intuitive ideas,
even when they are presented with a statement
of Newton’s second law.

Related Concepts
net force, Newton’s second law, rolling fric-
tion, tension

Explanation

The best response is A: The spool will acceler-
ate to the right in the direction of the pull. If
pulled gently (so that the spool does not slide
on the surface), the spool will move in the
direction of the pull (toward the right). For the
spool to roll in that direction, two conditions
must be met: (1) the net force must be in the
direction of the pull, and (2) the net torque
must cause the spool to rotate in the clockwise

direction. (Torque is sometimes called the
“turning effect” and is the product of the force
times the distance between the force and the
axis of rotation.)

The primary source of conflict for students
is that although the string is pulling to the
right, the torque created by the string acting
on the spool would create a rotation to the left.
However, the force of friction on the spool cre-
ates a torque in the opposite direction so that
the spool will rotate in the clockwise direc-
tion. However, the frictional force can still be
less than the force by the string pulling on the
spool to the right. Therefore the net force is
still to the right.

Administering the Probe

This probe is best used at the high school level.
Consider creating a prop—a large spool with a
rope attached—to demonstrate this probe. If
you use this probe for prediction and discussion,
be sure to explicitly state Newton’s second law
for students before giving them the prompt.
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Related Ideas in National

Science Education Standards

(NRC 1996)

9-12 Motions and Forces

*  Objects change their motion only when a
net force is applied.

e Laws of motion are used to calculate pre-
cisely the effects of forces on the motion of
objects.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

6-8 Motion

e An unbalanced force acting on an object
changes its speed or direction of motion,

or both.

9-12 Motion

e Any object maintains a constant speed and
direction of motion unless an unbalanced
outside force acts on it.

Related Research

o Students often develop strongly held beliefs
about the relationship between force and
motion based on their everyday experi-
ences. Because of the existence of “hidden
forces,” such as friction, these everyday
experiences often mislead them into con-
structing a view that is in conflict with a
Newtonian view of forces (Champagne,
Klopfer, and Anderson 1980).

e Based on their everyday experiences in an
environment with friction, many students
have a deep-seated belief that “motion
implies force.” This belief can hinder their
understanding of Newton’s second law,
which describes the relationship between
forceandacceleration (orachangein motion)

(Clement 1982).

e Researchers who study conceptual change
believe that students need to experience
discrepant events in order to change their
(incorrect) beliefs (Posner et al. 1982).

Suggestions for Instruction and

Assessment

e This probe can be used as a P-E-O-E probe
by having each students commit to a pre-
diction, provide an explanation for his or
prediction, and make observations to see
whether the observations match the predic-
tion. If they don’t match, the teacher should
encourage students to reconsider and revise
their explanations (Keeley 2008).

e This probe can be demonstrated with a string
wrapped around a spool. The spool must be
heavy enough so that the spool does not
slide when gently pulled with the string,
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Lifting Buckets

Seth needs to lift a heavy bucket of sand to the second-floor balcony of @W
his house. He ties a rope to the bucket and then stands on the balcony |

and pulls the bucket straight up. Once the bucket starts moving, how
should Seth pull it to get it to move up at a constant speed? Circle your

answer. <

A With a force equal to the weight of the bucket and rope

B With a force greater than the weight of the bucket and rope
C With a force less than the weight of the bucket and rope

Describe your thinking about forces. Provide an explanation to support

your ideas.
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Lifting Buckets

Purpose

The purpose of this probe is to elicit students’
ideas about Newton’s second law. The probe
is designed to determine whether students rec-
ognize that in order for an object to move at a
constant speed the forces acting on that object
must be balanced.

Related Concepts

constant speed, net force, Newton’s second law

Explanation

The best answer is A: With a force equal to the
weight of the bucket and rope—that is, the pull
by the rope must be equal to the weight of the
bucket and rope. The key idea is recognizing
that the bucket is moving at a constant speed. If
the rope were pulling on the bucket (as a result
of Seth’s pull on the rope) more than the gravi-
tational force by the Earth pulling down, then
the bucket would speed up. When an object is
moving at constant speed, then the forces acting

=

—

on the object must be balanced. Many students
will likely associate motion (rather than changes
in motion) with unbalanced forces.

Administering the Probe

This probe is best used at the high school level.
Tell the students that they can consider the
mass of the rope to be negligible. They need
only compare the force by the person to the
weight of the bucket.

Related Ideas in National

Science Education Standards

(NRC 1996)

9-12 Motions and Forces

*  Objects change their motion only when a
net force is applied.

e Laws of motion are used to calculate pre-
cisely the effects of forces on the motion
of objects.

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

6-8 Motion

e An unbalanced force acting on an object
changes its speed or direction of motion,

or both.

9-12 Motion

* Any object maintains a constant speed and
direction of motion unless an unbalanced
outside force acts on it.

Related Research

e Many students believe that motion implies
an unbalanced force rather than that
changes in motion imply an unbalanced
force (Camp and Clement 1994).

e Similar questions have been used in vari-
ous force-and-motion diagnostic tests. The
results from these tests show that the idea
that constant motion requires a net force
is persistant, even among college physics
students after instruction (Halloun and
Hestenes 1985).

Suggestions for Instruction and

Assessment

e Recent studies have found that some stu-
dents can benefit from computer simula-
tions of forces and objects.

e One common instructional strategy is to
use spring scales to indicate the force that
a student applies to an object. Students
can then experiment with various situa-
tions (such as the situation in this probe)
and can measure these forces. Some teach-
ers use electronic “force probes,” where
the size of the force reading is shown on
a computer.
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Finger Strength Contest

Max and Joey are having a strength con- Max Joey
test (see illustration at right). They are
using two identical rubber bands to test
how much of the rubber band each of
them can pull with one finger. They each
slip one end of a rubber band around a
pole and pull as hard as they can. Joey is
able to stretch the rubber band twice as

much as Max.

Next, the boys tie two new identical
rubber bands together (see illustration
at right). On the count of three, Max
and Joey both pull in opposite direc-

tions as hard as they can.

Max’s rubber band stretches 16 cm.
How far do you think Joey’s rubber

band will stretch? Circle your answer.

A 32 cm
B 16 cm
C 8cm

Explain your thinking. What reasoning did you use to decide how far Joey’s rubber
band will stretch?
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Finger Strength
Contest

Purpose

The purpose of this assessment probe is to
elicit students’ ideas about forces. The probe
is designed to reveal whether students recog-
nize a situation in which the force applied by
one object on another is equal, but opposite,
to the force applied by a second object back
on the first.

Related Concepts

interaction, Newton’s third law

Explanation

The best answer is B: 16 cm. Joey’s rubber
band will stretch the same amount as Max’s
rubber band. This is consistent with Newton’s
third law: The force applied by one object on
another is always equal but opposite to the force
applied by the second object back on the first.
Force is an interaction between two objects
and is not a property of a single object. The
rubber bands serve as a visual reminder that

the forces between objects are always equal,
but opposite. Joey can only pull on the rubber
band as hard as Max pulls.

Administering the Probe

This probe is best used with upper middle
school and high school students. Consider
demonstrating the probe with real rubber
bands before administering it. Demonstrate
both activities shown on page 127—that is,
(A) each boy pulling on a pole (you might use
a table leg) and (B) the two boys pulling in
opposite directions.

Related Ideas in National
Science Education Standards
(NRC 1996)

5-8 Motions and Forces
e The motion of an object can be described by
its position, direction of motion, and speed.

National Science Teachers Association
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9-12 Motions and Forces

* Whenever one object exerts force on another,
a force equal in magnitude and opposite in
direction is exerted on the first object.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

9-12 Motion

* Whenever one thing exerts a force on
another, an equal amount of force is exerted
back on it.

Related Research

e Research studies show that students tend
to think of a force as a property of sin-
gle objects rather than as a relationship
between two objects. A paired “reaction
force” is generally not recognized (Driver
et al. 1994).

e A study by Brown (1989) showed that high
school students enter physics courses with
erroneous preconceptions of Newton’s third
law. These preconceptions are persistent, and
they are difficult to overcome with tradi-
tional techniques alone. “The data from the
study support the hypothesis that the persis-
tence of preconceptions concerning the third
law may result from students’ general naive
view of force as a property of single objects
[rather] than as a relationship between two
objects” (Brown 1989, p. 357).

e Some students are apt to use the intuitive
rule “more A, more B.” Because one boy
stretches the single rubber band more than
the other boy (as in the top illustration
on p. 127), when the boys are on oppo-
site ends of two rubber bands that are tied
together (the bottom illustration on p.
127), students are apt to think the boy who
stretched the single rubber band more will
also stretch the tied-together rubber bands
more (Stavy and Tirosch 2000).

e Even teachers can have difficulty in under-
standing Newton’s third law because of the
way it was taught to them in traditional
classrooms. Action-reaction pairs are often
misunderstood as referring to forces acting
on a single object (Hughes 2002).

Suggestions for Instruction and

Assessment

o Students can easily test their ideas by using
identical rubber bands or spring scales. Stu-
dents should not pull as hard as they can
because the rubber bands will likely break
or the spring scales may be overloaded. Ask
students to try to pull each rubber band
(when connected end to end) by a different
amount and then observe what happens.

e One way to talk about Newton’s third law
is to refer to it as the “symmetry princi-
ple.” According to Bob Prigo, a physicist
at Middlebury College, “all forces share
a beautiful symmetry property—all forces
come in pairs. There is no such thing as
a single force. What's more, the pairs are
of equal strength and are always oppositely
directed. It is important to note, however,
that these force pairs are always exerted on
different objects” (Prigo 2007, p. 14).

e Equal forces can be illustrated by pushing
off of bathroom scales. Take two identical
bathroom scales and have two students
hold the scales vertically out in front of
themselves and against each other so the
scales are zeroed. Have the pair of students
push on each other, scale to scale. When all
motion between the partners has stopped,
read the separate scale readings and com-
pare. Repeat by pushing harder. Repeat
by pushing more lightly. The “forces,” as
read off the scales, should be identical in
all cases (Prigo 2007).

e Many physics textbooks treat Newton’s third
law of motion only in passing, often as an
addendum to the section covering the con-

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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servation of momentum. Teachers should be
aware that most students confuse the forces
described in the third law with momentum
and tend to view force as a property of single
objects rather than as a relationship between
two objects (Roach 1992).

e Consider rewording Newton’s third law
of motion for your students (Roach 1992).
Many textbooks state that Newton’s third
law is that “for every action there is an
equal and opposite reaction.” A better
way to state Newton’s third law is to say,
“When one object exerts a force on a sec-
ond object, the second object exerts a force
on the first that is equal in size and opposite
in direction” (McLaughlin and Thompson
1997, p. 110). This phrasing of the third
law makes it very clear that there are two
objects involved.
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Equal and Opposite

Newton’s third law of motion is often stated as, “For every
action there is an equal and opposite reaction.” Place an X ? / =
next to each of the statements where the described forces are

examples of Newton’s third law: ®

A You push on a tree with your hand and the tree
pushes back on your hand.

B A small car tows a large truck and they move at con- 1
stant speed. The truck pulls back on the car and the

car pulls on the truck.

C A small car tows a large truck and they speed up.

The truck pulls back on the car and the car pulls on  |f//
the truck.

D The Earth pulls down on you (your weight) and the

floor pushes up on you.

E Billy pushes Johnny and causes Johnny to fall down. Johnny exerts a force on
Billy and Billy exerts a force on Johnny.

F You pull on the door of the classroom and the door opens. Your hand exerts

a force on the door and the door exerts a force on your hand.

G A horse is pulling on a cart and the cart is speeding up. The horse exerts a

force on the cart and the cart exerts a force on the horse.
H You hold a book against the wall. You apply a force to the book and the wall

applies a force on the book.

Explain your thinking. Describe the rule or reason you used to decide whether a state-

ment fits Newton’s third law.
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Equal and Opposite

Purpose

The purpose of this assessment probe is to
elicit students’ ideas about pairs of forces that
fit Newton’s third law. The probe is specifically
designed to reveal whether students can iden-
tify third law force pairs as involving differ-
ent objects. The probe is useful in determining
whether students misinterpret the familiar col-
loquial expression of Newton’s third law, “For
every action there is an equal and opposite
reaction.”

Related Concepts

interaction, Newton’s third law, normal force

Explanation

Statements in which the described forces are
examples of Newton’s third law are A, B, C,
E, F, and G. All of these statements involve
equal and opposite forces between two dif-
ferent objects. Statements that do not reflect
Newton’s third law are D and H. In these
examples, there is an interaction of forces but

—

| LI

not an interaction of forces as described in
the scenarios between two different objects.
Both forces are applied to the same object. For
example, statement D, “The Earth pulls down
on you (your weight) and the floor pushes up
on you,” involves a gravitational force and the
normal force (the floor pushing up). (Voze: The
normal force on a body is generally associated
with the force that the surface of one body
exerts on the surface of another body in the
absence of any frictional forces between the
two surfaces.) Likewise, statement H involves
forces acting on a single object, the book.
In examples D and H, Newton’s second law
(F,.. = ma) is required to analyze forces acting
on a single object. Newton’s third law applies
to all of the other examples.

Administering the Probe

This probe is best used with upper middle stu-
dents and high school students. Instead of a
paper and pencil probe, it can be administered
as a card sort, with students putting the state-
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ments that fit Newton’s third law in one pile
and those that do not in another. There could
also be a “we’re not sure” pile. Students describe
their reasons for putting the cards into the
two different categories. They then come up
with a “rule” for deciding whether examples
of forces in the probe list fit Newton’s third
law (Keeley 2008). In addition to having stu-
dents describe why the examples they chose fit
Newton’s third law, consider having students
explain why those they did not choose do not
fit Newton’s third law.

Related Ideas in National

Science Education Standards

(NRC 1996)

9-12 Motions and Forces

* Whenever one object exerts force on
another, a force equal in magnitude and
opposite in direction is exerted on the first
object.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

9-12 Motion

* Whenever one thing exerts a force on
another, an equal amount of force is exerted
back on it.

Related Research

e Studies have revealed that the use of the
word opposite in the phrase “equal and
opposite reaction” may lead some students
to think that there is a reaction force acting
on the same object rather than two forces
involved in an interaction between two
objects (Driver et al. 1994).

e Astudy by Brown (1989) showed that high
school students enter physics courses with
erroneous preconceptions of Newton’s
third law. These preconceptions are per-

sistent, and they are difficult to overcome
with traditional techniques alone. “The
data from the study supports the hypoth-
esis that the persistence of preconceptions
concerning the third law may result from
students’ general naive view of force as a
property of single objects [rather] than asa
relationship between two objects” (Brown

1989, p. 357).

Suggestions for Instruction and

Assessment

e Newton’s third law is a statement about the
nature of force as an interaction between
two objects. A spring can be used to model
this interaction, and students can be led to
see that when two people push on opposite
ends of a spring, the spring compresses and
pushes back. The harder the two people
push, the more the spring compresses and
the more the spring pushes back. Another
exercise is to connect two spring scales end
to end. Ask one student to pull with one
force at one end of the spring and another
student to pull with a different force at the
other end of the spring. They will discover
that no matter how differently they try to
pull, the spring scales will equal out and
maintain the same reading.

e Encouraging students to identify the inter-
actions between forces—rather than to
identify just the forces—may help them
distinguish between Newton’s third law
examples and Newton’s second law exam-
ples in the list on page 131. For example, in
A, the hand pushes against the tree and the
tree pushes back on the hand. The inter-
action involves equal and opposite forces
between two objects—the hand and the
tree.

e Consider rewording Newton’s third law of
motion for your students (Roach 1992, p.
29). Many textbooks state that Newton’s
third law is that for every action there is

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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an equal and opposite reaction. A bet-
ter way to state Newton’s third law is to
say, “When one object exerts a force on a
second object, the second object exerts a
force on the first that is equal in size and
opposite in direction” (McLaughlin and
Thompson 1997, p. 110). This phrasing of
the third law makes it very clear that there
are two objects involved.

e Even teachers can have difficulty under-
standing Newton’s third law because of the
way it was taught to them in traditional
classrooms. Action-reaction pairs are often
misunderstood as referring to forces acting
on a single object (Hughes 2002).
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Riding in a Car

Wheeler Street

Ina, Rie, Kris, and
Roberto were sitting in
a car. The car suddenly
went around a sharp
corner. After the car
came out of the turn,

they wondered about the

forces involved. This is

what they said:

Ina: “Wow! Did you feel that force pushing us outward? I was pushed against

the passenger door.”

Rie: “I don’t think we were pushed outward. I think we were pushed inward.
Otherwise we wouldn’t be turning.”

Kris: “I could only feel the force pushing us forward. The force must be in this

direction because that is the direction we are moving.”

Roberto: “Actually, when we started to turn, I think we slowed down a bit, so I think
I felt a push backward.”

Whom do you most agree with?

Explain your thinking about the direction of force on the passengers when the car

went around the sharp corner.
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Riding in a Car

Purpose

The purpose of this assessment probe is to
elicit students’ ideas about circular motion and
forces. The probe is designed to reveal whether
students understand that turning requires a
force toward the center of the curve.

Related Concepts

circular motion, Newton’s first law

Explanation

Rie has the best answer: “I don’t think we
were pushed outward. I think we were pushed
inward. Otherwise we wouldn’t be turning.”
For a car to turn a corner, there must be a force
acting on the passengers toward the inside of
the corner. When the car begins to turn a cor-
ner, you move outward relative to the car until
you bump into a person or the door of the car
and feel a push. This sensation of being pushed
toward the person or car door arises from the
fact that we are sensing our motion relative to
the car, and not to the road. Relative to the car,

—Wheeler Street

we feel we are pushed outward, but relative to
the road, the push is inward.

Administering the Probe

This probe is best used with middle school and
high school students. Ask students to recall
a time they were riding in a car or bus and
turned a sharp corner.

Related Ideas in National

Science Education Standards

(NRC 1996)

K-4 Position and Motion of Objects

e The position and motion of objects can be
changed by pushing or pulling. The size of
the change is related to the strength of the
push or pull.

5-8 Motions and Forces

* An object that is not being subjected to a
force will continue to move at a constant
speed and in a straight line.

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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Related Ideas in Benchmarks
for Science Literacy

(AAAS 1993, 2009)

3-5 Motion

e Changes in speed or direction of motion

are caused by forces.

6-8 Motion

e An unbalanced force acting on an object
changes its speed or direction of motion,
or both.

* If a force acts towards a single center,
the object's path may curve into an orbit
around the center.

9-12 Motion
* Any object maintains a constant speed and
direction of motion unless an unbalanced

outside force acts on it.

Related Research

e In situations where there is uniform circu-
lar motion, some students think there is a
centrifugal force pushing the object out
rather than a center-directed centripetal
force (Roth, Lucas, and McRobbie 2001).

e Many students think that objects in cir-
cular motion are being “thrown outward.”
This is because of the sensation they feel

when they are in vehicles traveling around

curves (Arons 1997, p. 121).

Suggestions for Instruction and

Assessment

e Students need to experience the forces
required to move an object in a circle.
One method is to roll a bowling ball in a
straight line and then have students use a
small hammer to exert forces on the ball in
order to make the ball turn a corner.

e Have students consider the motion of a
car turning a corner from a vantage point
above the car (not moving with the car).
From this frame of reference, it can be seen
that a person in the car is trying to move
in a straight line and it is the car that is
pushing on the person. Computer simula-
tions of this situation have been found to
be effective with students.
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Concept Matrix
Probes #31-#45

#32 What Will Happen to the Weight?

#31 Pizza Dough

#33 Weighing Water

#34 Experiencing Gravity
#35 Apple on the Ground
#36 Free-Falling Objects
#37 Gravity Rocks!

#38 The Tower Drop

#39 Pulley Size

#40 Rescuing Isabelle
#41 Cutting a Log

#42 Balance Beam

#43 Lifting a Rock

#44 Swinging Pendulum
#45 Bicycle Gears
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GRADE LEVEL USE —

RELATED CONCEPTS |

acceleration X

balancing X X

buoyant force X

center of mass X

conservation of mass X

energy X X

free fall X

floating X

fulcrum X

gears and gear ratio X

gravitational force X X X X X X

gravitational potential
energy

gravity X X X X X

lever X

mass X X X

mechanical advantage X X X

Newton’s second law X

Newton’s universal law X
of gravity

pendulum X

periodic motion

potential energy X

pressure X

pulley X X

simple machine X X X

spherical earth X

tension X X

torque X

turning effect

variables X

weight X X X X X

work X X X
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Related Curriculum Topic Study
Guides”

Conservation of Matter

Properties of Matter

Measurement, Observation, and Tools
Earth’s Gravity

Gravity in Space

Gravitational Force

Pressure and Buoyancy

Work, Power, and Machines

Laws of Motion

* Guides will be found in Keeley, P. 2005. Science
Curriculum Topic Study: Bridging the Gap Between
Standards and Practice. Thousand Oaks, CA: Corwin
Pressand Arlington, VA: NSTA Press. Each Curriculum
Topic Study Guide shows the reader how to Identify
Adult Content Knowledge, Consider Instructional
Implications, Identify Concepts and Specific Ideas,
Examine Research on Student Learning, Examine
Coherency and Articulation, and Clarify State
Standards and District Curriculum.

Related NSTA Press Books,
NSTA Journal Articles,

and NSTA Learning Center
Resources

NSTA Press Books

American Association for the Advancement of Sci-
ence (AAAS). 2001. Atlas of science literacy. Vol.
1. (See “Gravity” map, pp. 42-43.) Washing-
ton, DC: AAAS.

Eisenkraft, A., and L. Kirkpatrick. 2006. Quan-
toons. Arlington, VA: NSTA Press.

Horton, M. 2009. Take-home physics: High impact,
low-cost labs. Arlington, VA: NSTA Press.

Keeley, D 2005. Science curriculum ropic study:
Bridging the gap between standards and practice.
Thousand Oaks, CA: Corwin Press and Arling-
ton, VA: NSTA Press.

Keeley, P, F. Eberle, and L. Farrin. Uncovering student
ideas in science: 25 formative assessment probes.
Arlington, VA: NSTA Press. (Especially see
“Talking About Gravity” probe, pp. 97-102.)
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Robertson, W. 2002. Energy: Stop faking it! Finally
understanding science so you can teach it. Arling-
ton, VA: NSTA Press.

Robertson, W. 2002. Force and motion: Stop faking
it! Finally understanding science so you can teach
ir. Arlington, VA: NSTA Press.

Sneider, C. 2003. Examining students’ work. In
Everyday assessment in the science classroom, ed.
J. M. Atkin and J. E. Coffey, 27-40. Arlington,
VA: NSTA Press.

NSTA Journal Articles

Bar, V., C. Sneider, and N. Martimbeau. 1997. Is
there gravity in space? Science and Children
(Apr.): 38-39.

Bryan, R., A. Laroder, D. Tippens, M. Emaz, and
R. Fox. 2008. Simple machines in the commu-
nity. Science and Children (Mar.): 38-42.

Chessin, D. 2007. Simple machine science centers.
Science and Children (Feb.): 36—41.

Dotger, S. 2008. Using simple machines to leverage
learning. Science and Children (Mar): 22-27.

Jarrard, A. 2008. The thinking machine: A physical
science project. Science Scope (Nov.): 24-28.

King, K. 2007. Intertial mass. Science Scope (Dec.):
28-35.

Kraft, S., and L. Poyner. 2004. Was the great pyra-
mid built with simple machines? Science and
Children (Oct): 46—48.

Nelson, G. 2004. What is gravity? Science and Chil-
dren (Sept.): 22-23.

Robertson, W. 2008. Science 101: Do balances and
scales determine an object’s weight or mass? Sci-
ence and Children (Mar.): 68-71.

Rosenblatt, L. 2004. Those puzzling pendulums.
The Science Teacher (Dec.): 38—41.

NSTA Learning Center Resources

NSTA Podcasts:

http://learningcenter. nsta.orglproducts/podcasts.
aspx?lid=hp

Explanations of Work

Force and Distance Relationships in Levers—Part I

Science

141
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Force and Distance Relationships in Levers—Part II
Gravity

Gravitational Forces

Introduction to Simple Machines: The Lever

Law of Gravity

Mass and Weight

Weight

Work Defined

NSTA SciGuides:

hrtp://learningcenter. nsta.org/products/sciguides.

aspx?lid=hp

Force and Motion

NSTA SciPacks:

http://learningcenter.nsta.org/products/scipacks.
aspx?lid=hp

Force and Motion

Gravity and Orbits

NSTA Science Objects:

http://learningcenter.nsta.org/products/science_objects.
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Pizza Dough

Nellie makes pizzas at the local pizza par-
lor. She starts with a ball of pizza dough.
She flattens it by hand. She then tosses
the flattened dough until it is stretched
into the shape of a large circle.

Part 1: Which best describes what hap-
pens to the weight of the pizza dough

after it is stretched out to make a pizza?
Circle the best answer.

A The weight of the dough increases after it is stretched out.

B The weight of the dough decreases after it is stretched out.

C 'The weight of the dough stays the same after it is stretched out.
Part 2: Which best describes what happens to the mass of the pizza dough after it is
stretched out to make a pizza? Circle the best answer.

A The mass of the dough increases after it is stretched out.

B The mass of the dough decreases after it is stretched out.

C The mass of the dough stays the same after it is stretched out.

Explain your thinking. What rule or reasoning did you use to decide what happens
to the weight and mass of the dough after it is stretched?
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Pizza Dough

Purpose

‘The purpose of this assessment probe is to elicit
students’ ideas about weight and mass when
a property of an object changes. The probe is
specifically designed to determine whether stu-
dents recognize that although weight and mass
are different, both the weight and mass of an
object stay the same when the object changes
shape. Because many students learn that an
object’s mass is the same on the Earth and the
Moon but its weight differs (the object will
weigh less on the Moon than on the Earth),
they may apply this rule to contexts other than
location, such as change in shape.

Related Concepts

conservation of mass, mass, weight

Explanation

The best answer to each part is C: The weight
and mass of the dough stay the same after
the dough is stretched out. Weight and mass
are terms that students have difficulty distin-

guishing between. Sometimes when they learn
the difference between weight and mass, par-
ticularly in contexts such as comparing weight
and mass on the Moon versus on Earth, they
may develop a misconception that weight and
mass must also be different when a property
changes, such as the shape of the pizza dough.

On Earth, the gravitational pull of the
Earth on an object is measured as weight.
Top-loading or hanging-spring scales are typi-
cally used to measure weight by the distance a
spring stretches or compresses as a result of the
load placed on the scale. Weight depends on
where an object is located—the weight of an
object on top of a high mountain would be a
little less than at sea level because the object is
further from Earth’s center. Weight also differs
when an object is located beyond Earth. The
weight of an object on the Moon is less than
the weight of the object on Earth because the
gravitational attraction between the object and
the Moon is less than the gravitational attrac-
tion between the object and Earth. Likewise,
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an object would weigh more on Jupiter than
on Earth because of the much larger mass of
Jupiter and hence the greater pull by Jupiter on
the object. However, regardless of where the
object is, if the shape of the object is changed
in the same location, its weight is unchanged.
(Note: The radii of the Moon, Earth, and Jupi-
ter also affect the size of the gravitational force
acting on an object. The closer the distance to
the planet—the smaller the radius—the larger
the gravitational force exerted on an object.
However, the difference in mass when com-
paring the gravitational forces on the Moon,
Jupiter, and the Earth is far greater than the
effect of distance.)

The gravitational attraction between the
Earth and the balled and the stretched-out
pizza dough is the same because the Earth
pulls on the dough in the same way regard-
less of shape as long as the nearness to the
Earth remains the same. Therefore, the weight
remains the same.

Mass is the amount of matter in an object.
It is independent of location. In school, mass is
typically measured with a balance. To do this,
an objectis placed in one pan and known masses
are placed in the opposite pan until the object
and masses are balanced. (Noze: Weight can be
measured with a balance as well.) Regardless of
where an object is located, on Earth or beyond
Earth, its mass always remains the same. In
addition, changing the shape of an object does
not change its mass. The ball of pizza dough
and the stretched-out pizza dough have the
same mass. That’s because they both contain
the same amount of matter. No matter was
lost or gained when the dough was stretched;
therefore the mass remains the same.

Administering the Probe

This probe can be used with upper elementary,
middle school, and high school students once
students have learned to distinguish between
weight and mass. The teacher can introduce

the probe to the class by working with a ball
of actual pizza dough, modeling clay, or other
substance that can be shaped into a ball and
stretched into a pancake shape.

Related Ideas in National

Science Education Standards

(NRC 1996)

K-4 Properties of Objects and

Materials

e Objects have many observable properties,
including size, weight, shape, color, tem-
perature, and the ability to react with other
substances. Those properties can be mea-
sured using tools such as rulers, balances,
and thermometers.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

K-2 Structure of Matter

e Objects can be described in terms of their
properties.

K-2 Manipulation and Observation
e Weigh objects using a scale.

6-8 Manipulation and Observation

e Make accurate measurements of length,
volume, weight, elapsed time, rates, and
temperature by using appropriate devices.

Related Research

e Researchers have found that children, from
an early age, notice how objects differ in
how they “press down.” This “felt weight”
is an early conception of the property of
weight (Driver at al. 1994).

e The concept of weight as a pulling-down
force and the concept of mass develop
slowly. The word mass is often associated by
students with the phonetically similar word

Uncovering Student Ideas in Physical Science
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massive, and thus students often think the
mass changes if there is a change in size or
volume. Students often compare mass by
bulk appearance (Driver et al. 1994).

The physicist’s idea of weight as the force
of gravity on an object did not appear to be
a firmly held idea in studies of secondary
students (Ruggiero et al. 1985).

Suggestions for Instruction and
Assessment

This probe can be used as a P-E-O-E probe
(Keeley 2008). Have students predict what
will happen to the weight before and after
changing the shape of the pizza dough or
similar material and have them support
their predictions with explanations. Have
them test their predictions using a device
that measures weight (e.g., top-loading
spring scale). When students’ observations
do not match their predictions, encourage
them to revisit and revise their explanations.
Repeat with mass, using a mass-measuring
device (e.g., a balance scale).

Use caution when explaining the difference
between weight and mass based on loca-
tion. Typically, teachers use the-weight-
and-mass-on-Earth versus the-weight-and-
mass-on-the-Moon as the phenomenon
to explain the difference between weight
and mass. However, there is a danger that
students may develop a generalization that
whenever one thing changes (not just loca-
tion) weight will be different and mass will
always stay the same. Be sure to include
examples in which both weight and mass
do not change.

If the teacher combines a definition of mass
versus weight with a discussion of how their
measurement devices differ—for example,
how the devices function on Earth versus
in other locations such as the Moon—stu-

dents may be better able to conceptualize
the difference between weight and mass.
Teachers should consider the age, experi-
ence, and readiness of their students to
determine when it is appropriate to distin-
guish between weight and mass. “Weight”
is sometimes used as a stepping-stone to
mass because students can conceptualize
“felt weight.” Although teachers recognize
that mass is the correct scientific term to
use when referring to the amount of mat-
ter an object contains, and that the term
weight refers to the measurement of gravi-
tational pull on the object, some children
just are not developmentally ready to learn
the distinction. (There are times, how-
ever, when it is fine to use weight instead
of mass, such as when applying conserva-
tion reasoning.) The national science stan-
dards do not introduce mass until middle
school; teachers should therefore refer to
their own state or local curricula when
deciding whether to use mass or weight
with younger children.

Teachers should help students be aware
that throughout our society, the two
terms weight and mass are frequently used
interchangeably. In the supermarket, you
will find many products on which the
net weight is listed both in English and
in metric units—for example, on a bag of
Hershey’s Extra Dark Chocolate pieces,
you will find “NET WT 5.1 oz. (144 g).”
The English units are indeed a weight (in
this case, ounces), but the metric units are
actually a measure of mass (grams). The
reason this does not cause any real con-
fusion is that as long as one stays on the
surface of the Earth, the ratio of mass to
weight is fixed (ignoring extremely small
variations in the force of gravity on the
surface of the Earth).
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What Will Happen to
the Weight?

Devon places a wooden block and a bucket of water side by side on a scale. He records
the total weight of the objects. Devon then places the wooden block in the bucket so
it floats in the water. What do you think will happen to the total weight of the block
plus the bucket of water after the wooden block is placed in the bucket of water?

Circle your answer.

A The total weight will increase.
B The total weight will decrease.
C The total weight will stay the same.

Explain your thinking. What rule or reasoning did you use to decide what would
happen to the total weight?
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What Will Happen to
the Weight?

Purpose

The purpose of the assessment probe is to elicit
students’ ideas about weight. The probe is
designed to determine whether students recog-
nize that the gravitational force on an object,
and thus its weight, is the same whether an
object is floating in water or is outside of water.

Related Concepts
buoyant force, floating, gravitational force,
weight

Explanation

The best answer is C: The total weight will
stay the same. Some students answer the ques-
tion thinking only about the block (and not
the system containing both the block and the
water). Students who focus only on the block
are correct in thinking that the block appears
to weigh less in the water (due to the upward
buoyant force by the water on the block), but
the total weight of the system is the same.
The force by the water upward on the block

(called the buoyant force) is balanced by the
force by the block on the water. Therefore,
the fact that the block is floating will have no
effect on the total weight of the bucket with
the water and the block.

Administering the Probe

This probe is best used with upper elemen-
tary, middle school, and high school students.
Make sure students understand that the block
and the bucket of water are side by side on the
scale and that the block is then put into the
bucket of water while on the scale.

Related Ideas in National
Science Education Standards
(NRC 1996)

K-4 Properties of Objects and

Materials

e Objects have many observable properties,
including size, weight, shape, color, tem-
perature, and the ability to react with other
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substances. Those properties can be mea-
sured using tools, such as rulers, balances,
and thermometers.

9-12 Motions and Forces
e Gravitation is a universal force that each
mass exerts on any other mass.

Related Ideas in Benchmarks
for Science Literacy (AAAS
1993, 2009)

K-2 Manipulation and Observation
e Weigh objects using a scale.

3-5 Forces of Nature

e The earth's gravity pulls any object on or
near the earth toward it without touch-
ing it.

6-8 Forces of Nature
e Every object exerts gravitational force on
every other object.

6-8 Manipulation and Observation

e Make accurate measurements of length,
volume, weight, elapsed time, rates, and
temperature by using appropriate devices.

Related Research

e Stead and Osborne (1980) found that 30%
of the 13-year-olds they studied thought
there was no force of gravity in water and
that explains why things float. Other stu-
dents suggested that there is less gravity in
water or even that there is gravity in water
but that it acts upward (Driver et al. 1994).

e The physicist’s idea of weight as the force
of gravity on an object did not appear to be
a firmly held idea in studies of secondary
students (Ruggiero et al. 1985).

e A study by Watts (1982) found that sec-
ondary students have a very flexible view of
gravity—namely, that gravity does not act

the same way on all objects. In addition,
students thought that gravity did not even
act the same way at all times on the same

object (Driver et al. 1994).

Suggestions for Instruction and

Assessment

e This probe can be used as a P-E-O-E activ-
ity (Keeley 2008). Provide students with
a container of water and a floating object
that can be placed in the container. Have
students (a) predict what the total weight
will be before and after adding the object
to the container of water, (b) support their
predictions with explanations, (c) test their
predictions, and (d) if their observations do
not match their predictions, revisit and
revise their explanations.

e Students’ ideas about weight can be probed
in different ways, such as by placing an ice
cube next to a glass of water and asking
students to predict whether or not the total
weight will change when the ice is added
to the water. Extend the probe to ask what
will happen after the ice is all melted.

e I¢simportant to have consistent definitions
for weight and gravity (Morrison 1999).
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Weighing Water

— S— A
X
=pip=tl
Container 1 Container 2 Container 3

The same amount of water is poured into three different-shaped containers with iden-
tical masses. Each container is placed on a bathroom scale. Circle the observation
below that best describes what you would see when you looked at the weight reading
on the bathroom scales.

All three scales will have the same reading.

Container 1’s scale will have the highest reading.

Container 2’s scale will have the highest reading.

Container 3’s scale will have the highest reading.

m © O W »

Container I’s scale and container 2’s scale will have the same reading; container
3’s scale will have a different reading.

Explain your thinking. What rule or reasoning did you use to select your answer?
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Weighing Water

§
/

Container 1

Purpose

The purpose of this assessment probe is to
elicit students’ ideas about weight. The probe
is designed to reveal whether students recog-
nize that the weight of identical volumes of
water is the same, regardless of the shape of
the container.

Related Concepts

pressure, weight

Explanation

The best response is A: All three scales will have
the same reading. The weight in all three con-
tainers is the same. Weight is the measure of
gravitational force between the Earth and an
object. In all three containers, the gravitational
force is the same as long as all three containers

Container 2

Container 3

are in the same location. While the weight stays
the same, the pressure differs. Weight and pres-
sure are not the same. When a force is spread
out evenly over some surface, pressure is the
amount of force exerted for each unit of area
(e.g., centimeters® or inches?). Pressure increases
when the surface area decreases as long as the
exerted force stays the same. In this case, the
container with less surface area in contact with
the scale exerts more pressure. However, less or
more pressure does not change the weight.

Administering the Probe

This probe is best used with upper elementary,
middle school, and high school students. Make
sure students understand that the amount of
water is the same in each container and that
each of the containers has the same mass.
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Related Ideas in National

Science Education Standards

(NRC 1996)

K-4 Properties of Objects and

Materials

e Objects have many observable properties,
including size, weight, shape, color, tem-
perature, and the ability to react with other
substances. Those properties can be mea-
sured using tools, such as rulers, balances,
and thermometers.

Note: Pressure is not explicitly mentioned in
the National Science Education Standards in
the context of force and motion. However, it
is a concept that is referred to in the context
of weather (air pressure). In addition, pres-
sure is related to phenomena that students will
encounter in their curriculum materials (e.g.,
students learn that barometric pressure can be
used to predict the weather; high pressure is
generally associated with sunny skies and low
pressure with storms) and is connected to key
ideas about weight and forces that are in the
National Science Education Standards.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

3-5 Forces of Nature

e The carth's gravity pulls any object on or
near the earth toward it without touching it.

Note: Pressure is not explicitly mentioned in the
Benchmarks for Science Literacy. However, it is
related to phenomena students will encounter in
their curriculum materials (e.g., physical science
courses often introduce students to Bernoulli’s
law that uses the law of conservation of energy
to predict changes in pressure inside a fluid)
and is connected to key ideas about weight and
forces that are in the Benchmarks.

Related Research

e Research indicates that ideas about weight
and ideas about gravity are separate from
each other in the minds of most students
(Driver et al. 1994).

e Most available research on pressure is in the
context of air or water pressure. This probe is
useful in finding out whether students have
scientific conceptions of pressure that are
different from their conceptions of weight.

e Researchers have found that children, from
an early age, notice how objects differ in
how they “press down.” This “felt weight”
is an early conception of the property of
weight (Driver at al. 1994).

e Researchers have found that students rarely
think of applying Newton’s laws when
asked questions about fluids or pressure
(Heron et al. 2003).

Suggestions for Instruction and

Assessment

e Students can further test this idea—that the
weight of the same volume of water in con-
tainers with identical weights is the same,
regardless of the pressure that the container
of water exerts—by taking an object and
weighing it in different positions. For exam-
ple, they can weigh a log twice: when it is
vertical and when it is lying down on its side.
Then they can compare these two weights.

e 'This task is similar to questions used by
noted child psychologist Jean Piaget during
interviews with children. A simple version
would be to ask students to predict how
a scale reading would be different if two
objects are sitting side by side or if they are
stacked one on top of the other.

e To see if students recognize the effect of
surface area on pressure, this probe can be
followed up with, or preceded by, a similar
probe. Present students with three different-
shaped containers (e.g., like those on p. 153)
and a piece of foam in place of the bath-
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room scale. Ask them to think about what
will happen when each container is placed
on the piece of foam: A. All three contain-
ers will compress the foam the same; B.
Container 1 will compress the foam the
most; C. Container 2 will compress the
foam the most; D. Container 3 will com-
press the foam the most; or E. Containers
1 and 2 will compress the foam the most,
and Container 3 will compress the foam a
different amount.

The correct answer is C: Container
2—the container with the smallest surface
area touching the foam—will compress
the foam the most.

Ask students why someone can walk on
top of deep snow with snowshoes but not
with regular shoes. (The snowshoes distrib-
ute the weight over a greater surface area so
the person does not sink in the snow.)

An interesting classroom challenge is to
ask students to construct a pair of shoes
that could be used to walk on eggs (Adair
and Loveless 1997).
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Experiencing
Gravity

What kinds of objects experience gravitational force?

Put an X in the correct boxes.

Object Yes No It depends. (Describe the condition it depends on.)

Ball thrown up in the air

Rock falling off a cliff

Rock resting on the ground

Flying bird

Bird perched on a branch

Astronaut on the Moon

Astronaut in orbit in the
Space Shuttle

Star in outer space

Fish swimming in water

Person floating in water

Stone sinking in water

Speck of dust

Speeding car

Helium balloon floating up
in the air

An object buried in the
ground

What rule or reasoning did you use to decide if an object experiences gravita-
tional force?
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Experiencing Gravity

Purpose

The purpose of this assessment probe is to
elicit students’ ideas about gravity. The probe is
designed to reveal whether students recognize
that gravitational force is universal and that it
works on every object in the universe regard-
less of what the object is doing or where it is.

Related Concepts
gravitational force, gravity, Newton’s universal
law of gravity

Explanation

The answer is “yes” for all the objects on the list.
They all experience gravitational force. Gravity
is a universal force of attraction between
objects—it affects all matter (mass) anywhere
in the universe, whether objects are on or
near Earth or far out in outer space. It doesn’t
matter whether objects on Earth are in air or
are sinking or floating in water; the Earth’s
mass still pulls on them, exerting a gravita-
tional force. Objects in space, where there is

no atmosphere, experience gravitational force
by other objects in space (some people incor-
rectly think that air is a prerequisite for grav-
ity). For example, an astronaut on the Moon
experiences gravitational force due to the pull
toward the Moon. However, the gravitational
force on the Moon is 1/6 as strong as the gravi-
tational force on Earth. (A common miscon-
ception is that astronauts wear Moon boots to
weigh them down and keep them from float-
ing away in space. Actually, astronauts wear
the weighted boots so they will feel—in terms
of weight—more like they feel on Earth; the
boots are not intended to keep the astronauts
from floating away.)

Size does not make a difference in whether
or not an object experiences gravitational
force; however, the mass of both objects does
determine the strength of the gravitational
force between those objects. The more mass
each object has, the stronger the gravitational
force is between them. A rock falling off a cliff
experiences a greater gravitational force than
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a speck of dust would experience due to the
pull by the Earth on the rock. Objects at rest,
such as a rock on the ground, experience gravi-
tational force even though they don’t visibly
appear to be pulled toward the Earth. Moving
objects, such as a ball thrown up in the air, a
helium balloon floating upward, or a speeding
car, experience gravitational force regardless of
the direction or speed of motion.

Administering the Probe

This probe is suitable for all levels, once stu-
dents are familiar with the concepts of gravity
and gravitational force. The national science
standards do not connect the idea of force
and gravity (gravitational force) until middle
school; if you are working with younger stu-
dents you might revise the probe to ask them
which objects experience gravity or are acted
on by gravity (younger children associate the
word gravity with a pull before they develop
the idea of gravitational force).

Make sure students understand the direc-
tions for the probe. They should consider each
object and decide whether or not it experiences
gravitational force. In some cases, students
may think that there need to be special con-
ditions for this to happen. In that case, they
should check off “It depends” and describe the
condition “it depends” on. The last part of the
probe asks students to provide a rule or reason
to explain what types of objects are affected
by gravity. It is this part of the probe that will
reveal whether students recognize that gravi-
tational force is universal and applies to all
objects.

This probe can be used as a paper and pen-
cil task or as a prompt for small-group discus-
sion, followed by a whole-class, sense-making
discussion. The probe can also be given as a
card sort (Keeley 2008). Write each item in
the list on page 157 on a separate card and
have students sort the cards into a “experiences

gravitational force” pile, a “does not experience
gravitational force” pile, or a “it depends/we
aren’t sure” pile. Make sure students discuss
each choice they make, providing justification
for why they put a card into a particular pile
and settling on a generalized rule or reason to
explain that decision.

Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Earth in the Solar System

o Gravity is the force that keeps planets in
orbit around the sun and governs the rest
of the motion in the solar system. Gravity
alone holds us to the earth’s surface and
explains the phenomena of the tides.

9-12 Motions and Forces

*  Gravitation is a universal force that each
mass exerts on any other mass. The strength
of the gravitational attractive force between
two masses is proportional to the masses
and inversely proportional to the square of
the distance between them.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

K-2 Forces of Nature

e 'Things near the earth fall to the ground
unless something holds them up.

3-5 Forces of Nature
* The earth's gravity pulls any object on or
near the earth toward it without touching it.

6-8 The Earth

*  Everything on or anywhere near the earth
is pulled toward the earth’s center by gravi-
tational force.

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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6-8 Forces of Nature

*

Every object exerts gravitational force on
every other object. The force depends on
how much mass the objects have and on
how far apart they are. The force is hard to
detect unless at least one of the objects has
a lot of mass.

9-12 Forces of Nature

Gravitational force is an attraction between
masses. The strength of the force is propor-
tional to the masses and weakens rapidly
with increasing distance between them.

Related Research

The notion that there must be air in order
for gravity to act is a widespread miscon-
ception (Driver et al. 1994).

Students have varied ideas about whether
gravity affects objects in water. For exam-
ple, some students think that there is no
force of gravity in water and that is why
things float; that there is less gravity in
water; that there is gravity in water but it
acts upward; or that gravity only acts on
the parts of the body above the surface of
the water (Driver et al. 1994).

Some students think gravity only applies
to objects on Earth (Driver et al. 1994).
Some students think gravity only applies
to heavy things (Driver et al. 1994).

In a study by Stead and Osborne (1980),
some students accounted for birds being
able to stay up in the air because gravity is
only present at the Earth’s surface (Driver
at al. 1994).

Watts and Gilbert (1985) found that some
secondary students think that gravity
begins to act when an object begins to fall
and that it stops acting when the object
lands on the ground.

In Stead and Osborne’s (1980) study of 258
middle school students, 44% said there
was no gravity on the Moon. The idea that

not all planets have gravity was common.
Over 75% said there is no gravity in space.
The researchers suggested that the science
fiction idea of “weightlessness” contributed
to this misconception.

Palmer (2001) interviewed 56 students in
grade 6 (11-12 years old) and 56 students
in grade 10 (15-16 years old). Students
were asked to identify which objects were
acted on by gravity in nine different sce-
narios and later to justify those choices in
follow-up interviews. Only 11% of the stu-
dents in grade 6 and 29% of the students
in grade 10 correctly indicated that gravity
acted on all the objects. The students who
indicated that gravity did not act in some
of the situations gave a variety of answers.
The most common of these were that (a)
gravity acts only on falling objects but not
on objects moving upward, (b) gravity does
not act on stationary objects, and (c) grav-
ity does not act on objects buried under-
ground (Kavanaugh and Sneider 2007).

Suggestions for Instruction and
Assessment

Combine this probe with the “Talking
About Gravity” probe in Volume 1 of the
previous series, Uncovering Student Ideas in
Science (Keeley, Eberle, and Farrin 2005).
“Talking About Gravity” is useful in find-
ing out whether students believe air or an
atmosphere is necessary for gravity.

Research findings (as seen in Related
Research) show that many students have
many misconceptions about gravity. Thus,
itis imperative that teachers at all grade lev-
els start every instructional unit on gravity
by checking their students’ understanding
of concepts that were taught at prior grade
levels. This can be done by asking students
to predict what would happen in various
physical situations and to justify their pre-
dictions. These activities should be built

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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into curricula on gravity at all levels. This
can be thought of as a “spiral curriculum,”
with the teacher making very sure that stu-
dents have reached preceding levels before
setting them on the course to the next level
(Kavanaugh and Sneider 2007).

e Engagestudentsin applying gravity ideas to
real-world contexts. Most students do not
have enough opportunities to think about
how Newton’s laws apply in these contexts.
The mathematically rich problems in text-
books sometimes mask students’ miscon-
ceptions because they can find the right
equation and plug in numbers to get the
right answer. Science instruction is most
successful when students carry with them
the insights of science into their own world
of everyday lived experience (Kavanaugh
and Sneider 2007).

e One instructional strategy described by
Camp and Clement (1994) involves stu-
dents using rubber bands to model the
gravitational force between individual
masses. Students connect rubber bands
between their fingers on different hands to
model this force.

e DPalmer (2001) proposed that rather than
focus exclusively on misconceptions, teach-
ers might help students who have some cor-
rect scientific understandings about gravity
to expand the variety of contexts to which
their understandings apply (Kavanaugh
and Sneider 2007).
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Apple on the Ground

Mr. Rosenberg’s tree is full of apples. Some of the apples
fall off the tree and land on the ground. Circle the best

description of the gravitational force acting on the apple

as it sits on the ground.

A A force pushing the apple down onto the ground
B A force pulling the apple toward the ground

C There is no force on the apple when it sits on the ground.

Explain your thinking. Why did you choose that description to explain the

gravitational force acting on the apple as it sits on the ground?
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Apple on the Ground

Purpose

The purpose of this assessment probe is to
elicit students’ ideas about gravity. The probe is
designed to reveal whether students recognize
that gravitational force is a pull by the Earth,
toward the Earth, regardless of whether an
object is falling or is stationary.

Related Concepts

gravitational force, gravity

Explanation

The best response is B: A force pulling the apple
toward the ground. Gravity is an attractive
force that describes the interaction between two
objects. In this case it is the interaction between
the apple and the Earth in which the Earth
exerts a force on the apple that pulls it toward the
Earth. It doesn’t matter if the apple rests on the
ground, hangs on the tree, or falls off the tree.
The Earth will pull on the apple in all of these
situations. The Earth also pushes up on the apple
but this contact force is not a gravitational force.

Although we use the language of “pushes”
and “pulls” with children, scientists do not
differentiate between a push and a pull. How-
ever, when teachers use “push” and “pull” with
children, it is important to clarify that if two
objects are attracted toward each other, then we
call this a pulling force; if the two objects are
being repelled away from each other, then this
would be a pushing force. Using this definition,
gravity is always a pulling force.

Administering the Probe

This probe can be used at all levels once stu-
dents are familiar with the concept of gravity or
gravitational force. Because national standards
do not connect the ideas of force and gravity
(gravitational force) until middle school, you
might revise the directions for the probe for
younger students by asking them to choose the
best description of the gravity acting on the
apple on the ground (the word gravity is asso-
ciated with a pull in the younger grades before
the idea of gravitational force is developed).
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Accompany this change with a change in dis-
tracters: Change A to “Gravity pulls the apple
toward the ground,” change B to “Gravity
pushes the apple down onto the ground,” and
change C to “There is no gravity acting on the
apple when it sits on the ground.” Make sure
the students understand that the apple is rest-
ing on the ground and is not moving,.

Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Earth in the Solar System

e Gravity is the force that keeps planets in
orbit around the sun and governs the rest
of the motion in the solar system. Gravity
alone holds us to the earth’s surface and
explains the phenomena of the tides.

9-12 Motions and Forces

e Gravitation is a universal force that each
mass exerts on any other mass. The strength
of the gravitational attractive force between
two masses is proportional to the masses
and inversely proportional to the square of
the distance between them.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

K-2 Forces of Nature

e Things near the earth fall to the ground
unless something holds them up.

3-5 Forces of Nature
* The earth's gravity pulls any object on or near
the earth toward it without touching it.

6-8 The Earth

e Everything on or anywhere near the earth
is pulled toward the earth’s center by gravi-
tational force.

6-8 Forces of Nature

e Every object exerts gravitational force on
every other object. The force depends on
how much mass the objects have and on
how far apart they are. The force is hard to
detect unless at least one of the objects has
a lot of mass.

9-12 Forces of Nature

e Gravitational force is an attraction between
masses. The strength of the force is propor-
tional to the masses and weakens rapidly
with increasing distance between them.

Related Research

e Elementary students typically do not see
gravity as a force (Driver et al. 1994).

e Holding, rather than pulling, seems to be
a common perception of gravity bound up
with the idea that gravity is associated with
air pushing down and that an atmosphere
of air prevents things from floating away
(Driver et al. 1994).

e Watts and Gilbert (1985) found that some
secondary students think that gravity
begins to act when an object begins to fall
and that it stops acting when the object
lands on the ground.

e Some manifestations of force are not rec-
ognized as pushes and pulls. Some pulls
are considered as just holding something
in place (Driver et al. 1994).

e Some students believe gravity acts upward.
Quite a few high school students and even
some college students believe that gravity
pushes upward rather than acting to pull
things down to Earth’s surface (Kavanaugh
and Sneider 2007).

e DPalmer (2001) interviewed 56 students in
grade 6 (11-12 years old) and 56 students
in grade 10 (1516 years old). Students were
asked to identify which objects were acted
on by gravity in nine different scenarios and
later to justify those choices in follow-up

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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interviews. One common response was that
gravity does not act on stationary objects
(Kavanaugh and Sneider 2007).

Suggestions for Instruction and

Assessment

e One reason that gravitational-force ideas
related to objects at rest are difficult for
younger students is that gravity is a force
they cannot directly experience and see.
Elementary school teachers can cultivate an
early conception of gravity at that level by
having children engage with phenomena
such as magnetism, where unseen forces can
be felt and their “pull” effects can be directly
observed (Kavanaugh and Sneider 2007).

e Research findings (see Related Research,
p. 165) show that many students have
misconceptions about gravity. Thus, it is
imperative that teachers at all grade levels
start every instructional unit on gravity by
checking their students’ understanding of
concepts that were taught at prior grade
levels. This can be done by asking students
to predict what would happen in various
physical situations and to justify their pre-
dictions. These activities should be built
into curricula on gravity at all levels. This
can be thought of as a “spiral curriculum,”
with the teacher making very sure that stu-
dents have reached preceding levels before
setting them on the course to the next level
(Kavanaugh and Sneider 2007).

e Extend this probe by asking students if
there a gravitational force acting on the
apple when it is attached to the branch of
a tree and not moving. Is there a gravita-
tional force when the apple detaches from
the branch and is falling?

e One instructional strategy described by
Camp and Clement (1994) involves stu-
dents using rubber bands to model the
gravitational force between individual
masses. Students connect rubber bands
between their fingers on different hands to
model this force. When using this activity,
make sure that students don’t get the idea
that the force increases when the distance
between the objects increases.
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Free-Falling Objects

A group of students was investigating
how objects fall. They found five different
smooth, spherical objects that had similar
shapes but different masses. They num-
bered the objects in order: Object #1 was
the lightest and Object #5 was the heavi-
est. They then dropped each object from
the roof of the school to see how long it
would take for each object to reach the
ground. The students recorded their results
in a table. Circle the table below (A, B, or
C) that you think is closest to what hap-
pened when the objects were dropped.

Table A Table B Table C
Object Time Object Time Object Time
Number (seconds) Number (seconds) Number (seconds)
1 1.6 1 2.4 1 2.0
2 1.8 2 2.2 2 2.0
3 2.0 3 2.0 3 2.0
4 2.2 4 1.8 4 2.0
5 2.4 5 1.6 5 2.0

Explain your thinking. Describe how the data table supports your ideas about how

the objects fall.
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Free-Falling Objects

Purpose

The purpose of this assessment probe is to
elicit students’ ideas about how objects with
different masses (or weights) behave in free fall
where air resistance is negligible. The probe
shows whether students can relate their beliefs
about how objects fall to a table of numbers.

Related Concepts
acceleration, free fall, gravity, Newton’s sec-
ond law

Explanation

The best answer is Table C: The duration of fall
is the same for all five similarly shaped objects
when air resistance is negligible. Realistically,
there would be some variation in duration
of fall given some air resistance, but overall,
the time it takes for each object to land on
the ground is about the same. Therefore, C is
the best answer because the acceleration of all
objects in free fall is the same near the surface
of the Earth if we assume that there is no air

resistance (/Note: The value of this acceleration
is about 9.8 m/s?). The reason this happens is
that the gravitational force is proportional to
the mass of an object. However, the accelera-
tion of an object is inversely proportional to
its mass. Therefore, heavier objects experience
a greater gravitational force (they weigh more).
However, because they weigh more, they are
more difficult to accelerate, based on Newton’s
second law. The result is that they will fall at
the same rate regardless of their mass.

In this probe, the objects are all released
from rest and the distance the objects fall is
the same. Therefore, the fact that they take the
same amount of time to fall means that they
must also have the same acceleration.

Administering the Probe

This probe is best used with middle school and
high school students. You might show props to
students to give them a context for the probe—
for example, five balls with different masses or
five other similarly shaped objects of differ-
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ent masses that would experience minimal air
resistance. Modify the tables or consider hav-
ing students label the 1s in each data table as
“lightest” and the 5s as “heaviest” in case they
overlook the description in the prompt.

Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Motions and Forces

e Unbalanced forces will cause changes in the
speed or direction of an object’s motion.

9-12 Motions and Forces

*  Objects change their motion only when
a net force is applied. Laws of motion are
used to calculate precisely the effects of
forces on the motion of objects. The mag-
nitude of the change in motion can be
calculated using the relationship Force =
Mass x Acceleration, which is independent
of the nature of the force.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

3-5 Motion

e Changes in speed or direction of motion are
caused by forces. The greater the force is, the
greater the change in motion will be.

3-5 Forces of Nature
o The earth’s gravity pulls any object toward
it without touching it.

6-8 Motion
e An unbalanced force acting on an object
changes its speed or direction of motion,

or both.

9-12 Motion

* The change in motion of an object is pro-
portional to the applied force and inversely
proportional to the mass.

Related Research

e Students do not always identify a force
to account for falling objects. They think
objects just “fall naturally” or that the per-
son letting go of the object has caused it to
fall (Driver et al. 1994).

e Studies by Osborne (1984) found that stu-
dents think heavier objects fall faster.

e Students all the way up through university
level think that heavier objects fall to Earth
faster because they have a bigger accelera-
tion due to gravity (Driver et al. 1994).

e Students might use an intuitive rule—
“more A, more B”—to reason that as an
object’s mass increases, it falls faster (Stavy
and Tirosh 2000).

e Champagne, Klopfer, and Anderson (1980)
administered the Demonstration, Obser-
vation, and Explanation of Motion Test
to 110 students enrolled in an introduc-
tory physics course at a major U.S. univer-
sity. In this test, the instructor carries out
various demonstrations and asks students
to observe (and sometimes predict) the
motion of objects and to answer questions
about what they see. Although 70% of the
subjects had studied high school physics,
some for two years, the test revealed that
four out of five students believed that, all
other things being equal, heavier objects
fall faster than lighter ones. Many students
also believed that objects fall at constant
speed, arguing that speed depends only
on weight (mass), which also remains
constant. Students who had learned that
objects accelerate in free fall reconciled
their inconsistent beliefs by saying that

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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acceleration must be due to an increasing
force of gravity as the object gets closer to
the ground, and they supported this idea
by claiming that there is no gravity in
space (Kavanaugh and Sneider 2007).

Suggestions for Instruction and

Assessment

e This probe can be combined with the
“Dropping Balls” probe in Uncovering Stu-
dent Ideas in Science, Vol. 3 (Keeley, Eberle,
and Dorsey 2008) or “Why Things Fall”
on page 115 in this book.

o This probe can be tested by dropping five
similarly shaped objects of different masses.
Realize, however, that some effects of air
resistance can make it hard to reproduce
expected results.

e Connect this probe scenario to the his-
torical example of Galileo’s famous experi-
ments with falling objects.

e The idea that heavy objects are more
strongly attracted by gravity than lighter
objects yet both fall at the same rate seems
to be a contradiction for many students.
This apparent contradiction can be resolved
by discussing the concept of inertia (that
the heavier object requires a greater force
to make it move).

e Student will often conclude that “gravita-
tional force acts the same on all objects”
when they observe that objects fall at the
same rate. When performing these types
of free-fall experiments, teachers should
remind students that heavier objects expe-
rience a larger gravitational force than
lighter objects.

Caution: It is not reccommended that you take
students up on a roof to duplicate this scenario.
Instead, find a high-enough height to drop the
objects from but make sure that it is a safe spot
where there is no danger of a person falling.
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Gravity Rocks!

Three friends were talking about gravity. One friend
held up a rock and asked his friends whether the gravi-
tational force on the rock depended on where the rock
was located. Each friend had a different idea about a
place where the gravitational force on the rock would
be the greatest. This is what they said:

Lorenzo: “I think if you put the rock on the top of a very tall mountain, the gravita-

tional force on the rock will be greatest.”

Eliza: “I think the gravitational force will be greatest when the rock is resting on

the ground near sea level.”
Flo: “I think you have to go really high up. If you drop the rock out of a high-

flying plane, the gravitational force will be greatest.”

Which friend do you most agree with? . Explain why you agree with
that friend.
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Gravity Rocks!

Purpose

The purpose of this assessment probe is to
elicit students’ ideas about gravity. The probe
is designed to reveal whether students recog-
nize that objects closest to the center of Earth’s
mass experience the greatest gravitational
force. The probe also reveals whether students
confuse energy of position (potential energy)
with gravitational force.

Related Concepts
gravitational force, gravitational potential
energy, gravity

Explanation

The best answer is Eliza’s: “I think the gravi-
tational force will be greatest when the rock
is resting on the ground near sea level.” This
is because the rock at sea level is closer to
Earth’s center of mass than when it is at the
top of a tall mountain or falling from a high-
flying airplane. Gravitational force on an

object increases the closer the object is to the
Earth’s surface; gravitational force decreases as
the distance between the Earth’s surface and
an object increases. Mathematically, this is
expressed as the force of gravity between two
objects decreases as the square of the distance
between them. In other words, if you double
the distance, the gravitational force is reduced
by a factor of four (2?); if you triple the dis-
tance, you reduce the force by a factor of nine
(3%). Therefore, the gravitational force on the
rock as it is dropped from the plane is the least,
followed by the rock on a mountain, then the
rock on the ground near sea level.

Some students will select the rock being
dropped from the plane because they are prob-
ably confusing gravitational potential energy
with gravitational force. The farther the rock
is from the Earth, the greater potential energy
it has. The energy that was used to raise the
rock high above the Earth is released as kinetic
energy when the rock falls.
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Administering the Probe

This probe is best used with middle school and
high school students. Middle school is the time
when students begin to understand terrestrial
gravity as a force directed toward Earth’s cen-
ter. Make sure students understand that in the
three views of the children in the probe the
mass is the same—only the locations differ.
The same rock is used in all three positions.

Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Earth in the Solar System

e Gravity is the force that keeps planets in
orbit around the sun and governs the rest
of the motion in the solar system. Gravity
alone holds us to the earth’s surface and
explains the phenomena of the tides.

9-12 Motions and Forces

*  Gravitation is a universal force that each
mass exerts on any other mass. The strength
of the gravitational attractive force between
two masses is proportional to the masses
and inversely proportional to the square of
the distance between them.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

K-2 Forces of Nature

e Things near the earth fall to the ground
unless something holds them up.

3-5 Forces of Nature
e The earth's gravity pulls any object on or
near the earth toward it without touching it.

6-8 The Earth

e Everything on or anywhere near the earth
is pulled toward the earth’s center by gravi-
tational force.

6-8 Forces of Nature

*  Every object exerts gravitational force on
every other object. The force depends on
how much mass the objects have and on
how far apart they are. The force is hard to
detect unless at least one of the objects has
a lot of mass.

9-12 Forces of Nature

*  Gravitational force is an attraction between
masses. The strength of the force is propor-
tional to the masses and weakens rapidly
with increasing distance between them.

Related Research

e Several studies have been conducted about
students’ ideas related to the way gravity
changes with height above the Earth’s sur-
face. Many students do hold the physicists’
view that gravity decreases with height
above the Earth’s surface. However, many
of the students who hold this view tend to
expect a far bigger decrease in the force of
gravity with increasing height than what is
actually the case (Driver et al. 1994).

e Studies by Stead and Osborne (1980) found
that one-third of the 14-year-old students
they sampled thought gravity increased
with height above the Earth. Students who
hold this “higher-stronger” gravity view
assume this applies only as long as objects
are in Earth’s atmosphere.

e A study by Watts (1982) of students age
12-17 found that students believed that
gravitational force increased with height.
They appeared to confuse gravity with
potential energy in assuming a higher force
of gravity at greater heights.

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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Some secondary students think that grav-
ity begins to act when an object begins to
fall and that it stops acting when the object
lands on the ground (Driver et al. 1994).
Palmer (2001) interviewed 56 students in
grade 6 (11-12 years old) and 56 students
in grade 10 (15-16 years old). Students
were asked to identify which objects were
acted on by gravity in nine different sce-
narios and later to justify those choices in
follow-up interviews. Only 11% of the stu-
dents in grade 6 and 29% of the students
in grade 10 correctly indicated that grav-
ity acted on all the objects. One common
response was that gravity does not act on
objects buried underground (Kavanaugh
and Sneider 2007).

Suggestions for Instruction and
Assessment

174

Combine this probe with the “Talking
About Gravity” probe in Uncovering Stu-
dent Ideas in Science, Vol. 1: 25 Formative
Assessment Probes (Keeley, Eberle, and Farrin
2005). “Talking About Gravity” is useful in
finding out whether students believe air or
an atmosphere is necessary for gravity.

Instruction should begin by checking
understanding of prior learning related to
gravity. The finding that many students
have misconceptions about gravity sug-
gests that teachers at all grade levels should
start every instructional unit on gravity by
checking their students’ understanding of
concepts that were taught at prior grade
levels. This can be done by asking students
to predict what would happen in various
physical situations and to justify their pre-
dictions. These activities should be built
into curricula on gravity at all levels. This
can be thought of as a “spiral curriculum,”
with the teacher making very sure that stu-
dents have reached preceding levels before

setting them on the course to the next level
(Kavanaugh and Sneider 2007).

As a result of his study, Palmer (2001) pro-
posed that rather than focus exclusively
on misconceptions, teachers might help
students who have some correct scientific
understandings about gravity to expand
the variety of contexts to which these
correct scientific understandings apply
(Kavanaugh and Sneider 2007).

When teaching about gravitational poten-
tial energy, make sure students distinguish
between the energy interaction and the
force interaction.

For advanced students, consider adding a
fourth distractor: “I think if you bury the
rock one kilometer below the Earth’s sur-
face, the force of gravity on the rock will
be the greatest.” Research indicates some
students believe that gravity does not act on
buried objects. Others might believe that
the gravitational force increases as an object
gets closer to the center of Earth’s mass with-
out realizing this does not apply to objects
inside the Earth. Inside the Earth, the gravi-
tational field actually decreases linearly with
decreasing distance until you get to the cen-
ter of the Earth where it is zero. Outside the
Earth the gravitational field decreases (1/
r?). So the maximum field is actually at the
surface of the Earth. A famous problem in
calculus called the Shell Theorem is used to
derive this relationship.
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The Tower Drop

Imagine it is possible to build a very tall
tower on Earth’s equator. The tower is
6 miles high. It is higher than the tall-
est mountain, higher than planes fly.
Now imagine it is possible for a person

to stand at the top of this tower and

drop a ball.

Circle where you think the ball will go
when it is dropped:

A The ball will fall to the Earth alongside the tower.

B The ball will fall upward into space, away from Earth.

C 'The ball will fall downward into space, away from Earth.

D The ball will circle around the Earth.

Draw an arrow from the hand holding the ball to where you think the ball will
travel. Your arrow should show the path the ball takes after it is dropped.

Explain your thinking. Why does the ball drop the way your arrow shows?
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The Tower Drop

Purpose

The purpose of this assessment probe is to elicit
students’ ideas about Earth’s gravity. The probe
is designed as a thought experiment to deter-
mine whether students recognize that Earth’s
gravity pulls falling objects toward its center.

Related Concepts

gravitational force, gravity, spherical Earth

Explanation

The best answer is A: The ball will fall to the
Earth alongside the tower. Student drawings
should show the ball falling from the hand
toward the Earth, about parallel to the tower.
All objects fall “down” toward the Earth due
to Earth’s gravitational pull. Earth’s gravity is
a center-directed force. “Down” in this con-
text of a spherical Earth means toward Earth’s
center. Any object dropped on or near Earth
(within Earth’s gravitational field), including
objects dropped from high in Earth’s atmo-

sphere, will fall toward Earth’s center and
eventually stop when they hit the ground.
From wherever the object is dropped, a radial
line toward the center of the Earth will indi-
cate its path as it falls.

Administering the Probe

This probe is suitable for elementary and mid-
dle school students. Emphasize that this is an
imaginary tower and that the drawing is not
to scale (in reality it would be very difficult for
such a tall tower to be straight and rigid). Make
sure students know that there are three parts to
this probe: (1) the selected response, (2) draw-
ing a line with an arrow to show where the
ball falls when dropped from the tower, and
(3) a justification for their answer. The probe
can be extended by having students draw their
ideas on a whiteboard, change the location of
the tower to a different location on Earth, and/
or make the tower shorter or taller. Note how
these changes affect students’ responses.
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Related Ideas in National

Science Education Standards

(NRC 1996)

5-8 Earth in the Solar System

e Gravity is the force that keeps planets in
orbit around the sun and governs the rest
of the motion in the solar system. Gravity
alone holds us to the earth’s surface and
explains the phenomena of the tides.

9-12 Motions and Forces

e Gravitation is a universal force that each
mass exerts on any other mass. The strength
of the gravitational attractive force between
two masses is proportional to the masses
and inversely proportional to the square of
the distance between them.

Related Ideas in Benchmarks

for Science Literacy

(AAAS 1993, 2009)

K-2 Forces of Nature

e Things near the earth fall to the ground
unless something holds them up.

3-5 Forces of Nature
* The earth’s gravity pulls any object on or
near the earth toward it without touching it.

6-8 The Earth

*  Everything on or anywhere near the earth
is pulled toward the earth’s center by gravi-
tational force.

6-8 Forces of Nature

e Every object exerts gravitational force on
every other object. The force depends on
how much mass the objects have and on
how far apart they are. The force is hard to
detect unless at least one of the objects has
a lot of mass.

9-12 Forces of Nature

e Gravitational force is an attraction between
masses. The strength of the force is propor-
tional to the masses and weakens rapidly
with increasing distance between them.

Related Research

e Some students do not feel the need to iden-
tify a force when things fall. They think
that things just naturally fall or that some-
one “let it go” (Driver et al. 1994).

e Studies by Vosniadou (1991) show that
students’ ideas about the spherical shape of
the Earth are closely related to their ideas
about gravity and the direction of “down.”
Students will have difhculty accepting
that gravity is center-directed if they do
not regard the Earth as spherical (AAAS
1993).

e Astudy by Nussbaum (1985) gave students
a diagram of a very large person standing
at the 12:00, 3:00, 6:00, and 9:00 positions
along the circumference of the Earth (on
opposite sides of the Equator and opposite
poles of the Earth). The person is dropping
a rock. Students were asked to draw how
the rock would fall. Few students drew
lines toward the center of the Earth. Many
students perceived the direction in which
objects fall at different locations on Earth
as parallel lines, with an absolute up-and-
down dimension, rather than as radial
directions pointing toward Earth’s center.

e Even though most 15- to 16-year-olds
have an Earth-referenced view of “down,”
a study by Baxter (1989) found that only
about 20% had an Earth-centered view
rather than an Earth-surface view.

Suggestions for Instruction and

Assessment

e Research by Vosniadou (1991) suggests
that teachers should teach the concepts of

J Indicates a strong match between the ideas elicited by the probe and a national standard’s learning goal.
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spherical Earth, space, and gravity in close
connection to one another (AAAS 1993).
Give students a picture of the spherical
Earth. Ask them to draw the daytime
sky, showing the clouds that are above
the Earth. Examine where they draw the
clouds. Do students draw clouds on the
top of the picture (canopy drawing) or
all around the Earth, including over the
face of the Earth? Ask further questions to
find out more about students’ ideas about
where the sky is in relation to the Earth.
Understanding that the Earth is spherical
is necessary in order to understand that
objects fall toward the Earth, anywhere on
the Earth.

This probe is based on a similar question
in Earth, Moon, and Stars: Teacher’s Guide
(Sneider 1986), published by the GEMS
program at the Lawrence Hall of Sci-
ence. This curriculum guide is an excellent
instructional material to develop children’s
ideas about gravity and the shape of the
Earth.

Combine this probe with different sce-
narios, such as asking students to describe
how an object would fall by moving the
location of the tower to the bottom of the
drawing (South Pole) and the top of the
drawing (North Pole).

Try a bridging analogy by removing the
tower in the illustration on page 178 and
drawing a rain cloud over the equator in
the 3:00 position, where the tower was.
Ask students to draw rain falling from the
cloud, showing where the rain goes. If stu-
dents draw the rain hitting the Earth (but

did not say that the ball fell alongside the
tower in the original probe), explore their
reasons. Connecting this prediction of how
rain falls in the revised illustration to how
rain falls throughout the world, regardless
of where one lives, may help them change
their perception of “down” when things

above the Earth fall.
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Pulley Size

Three friends are discussing the best way to use a pulley to lift a block of wood with
a lightweight rope.

Preston: “I think we should use a small pulley. That way we won’t have to pull

as hard.”

Sara: “I disagree. I think if we use a big pulley, it would be easier to lift the
wood.”

Aliya:  “I don’t think it matters what size pulley we use. We would have to pull
the same.”

Which friend do you most agree with? Explain your thinking.
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Pulley Size

Purpose

The purpose of this assessment probe is to
elicit students’ ideas about pulleys. The probe
is specifically designed to find out whether
students think the size of a pulley has an
effect on how much easier it is to lift an object
(mechanical advantage).

Related Concepts
mechanical  advantage,
machine, tension

pulleys,  simple

Explanation

The best answer is Aliya’s: “I don’t think it mat-
ters what size pulley we use. We would have to
pull the same.” This is because the tension in
the rope will be the same at both ends as long
as the mass of the rope is small compared to
the load. The purpose of a pulley is to change
the direction of the pull. Generally, the size of
a pulley does not affect the force required to
lift a load. Some younger students may predict
that the smaller pulley would require less force
based on a tendency to use a “less is less” and

a9 Lo “

“more is more” form of reasoning. Older stu-
dents may predict that the larger pulley will
require less force because the point of contact
(where the rope pulls on the pulley) is farther
from the pivot point (the center of the pulley).
Although this is true (creating a longer lever
arm), the distance the load is suspended from
the pulley is also farther, so that these two
effects would cancel each other.

Administering the Probe

This probe is best used with upper middle school
and high school students. Make sure students
understand that the rope is very light and there-
fore the mass is not a factor in this problem.

Related Ideas in National
Science Education Standards
(NRC 1996) and

Benchmarks for Science
Literacy (AAAS 1993, 2009)
This probe and the other probes in this sec-
tion (probes #39—#45) do not explicitly target
key ideas in the national standards documents.
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Both the National Science Education Standards
(NRC 1996) and Benchmarks for Science Literacy
(AAAS 1993) deliberately did not include sim-
ple machines as important ideas for science lit-
eracy. However, because most high school phys-
ics courses, many state and local standards, and
National Science Foundation—funded reform
curricula such as InterActions in Physical Science;
FOSS Simple Machines; and STC’s Energy,
Machines, and Motion include these concepts as
an extension of force, motion, and energy ideas,
we decided it was important to include these
“Other Topics.” In addition, students can use
this probe to make a prediction before applying
the technological design/engineering process
described in the standards to solve design prob-
lems without necessarily knowing the specific
content related to mechanical advantage, pul-
leys, and tension.

Related Research

e DiSessa (1993) describes what he calls “phe-
nomenological primitives,” or “p-prims,”
that students use to make simple predictions.
A p-prim is a commonsense, intuitive idea
used to explain everyday phenomena that
often operates below the level of conscious-
ness. One example is the “closer stronger,
farther weaker” p-rim that some students
may use when asked about lever arms.

e Stavy and Tirosch (2000) describe the
“more A, more B” intuitive rule. In this
case, students might think that a bigger
pulley confers more mechanical advantage
(or makes it easier to lift).

Suggestions for Instruction and

Assessment

e  Oncestudents understand how forces affect
the motion of objects, teachers should pro-

vide them with experiences that will trans-
fer their learning to thinking about how
forces are also involved in the way simple
machines work. Make sure they first
understand that a simple machine, such as
a pulley, is a simple device that affects the
force required to perform a given task. This
idea later can be connected to the concept
of an input force (effort) and an output
force (load).

o Several curricula are available for younger
students to gain experiences with using
pulleys such as the FOSS Levers and Pul-
ley Module and the Science Companion
unit on energy. A common instructional
strategy is to have students build Rube
Goldberg machines—a complex set of
mechanical devices (using pullies and
levers) built to complete a simple task

(Jarrard 2008).
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Rescuing Isabelle

Isabelle hurt her ankle while hiking in the mountains. To get to the road, her friends
had to get her up a steep cliff. They have one long rope and one pulley. Her friends
discussed the easiest way to pull Isabelle up the cliff. This is what they said:

Jace: “We should tie the rope around Isabelle and pull her up to the road.”

Penn: “We should tie the pulley to a tree at the top of the cliff and then pull the rope
down through the pulley.”

Zoey: “I think we should tie the pulley to Isabelle. Then we should tie one end of the
rope to a tree at the top of the cliff and pull the rope up through the pulley.”
Which method would require the least force to pull Isabelle up?

_ Jace’s method

_ Penn’s method

__ Zoey’s method

It doesn’t matter. You would have to pull the same for all three methods.

Explain your thinking. Describe why the method you chose would allow Isabelle’s
friends to pull her up with the least force.
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Rescuing Isabelle

Purpose

The purpose of this assessment probe is to
elicit students’ ideas related to pulleys and
mechanical advantage. The probe is specifi-
cally designed to investigate student intuition
about zension, which is another name for the
force exerted by ropes or string.

Related Concepts
mechanical advantage, pulley, simple machine,
tension, work

Explanation

The best answer is Zoey’s: “I think we should
tie the pulley to Isabelle. Then we should tie
one end of the rope to a tree at the top of the
cliff and pull the rope up through the pul-
ley.” Zoey’s method would require her friends
to pull with a force that is half of Isabelle’s
weight. Both Jace and Penn’s method would
require a minimum force that would be equal
to Isabelle’s weight (double what is required for
Zoey’s method).

If the friends were to use Penn’s method or
Jace’s method, only one rope would be attached
to the load (Isabelle). Therefore, the tension
in the rope must be at least equal to Isabelle’s
weight. In Zoey’s method, two ropes are pulling
up on Isabelle (one on each side of the pulley).
Therefore, the tension in each of these ropes
must combine to support Isabelle’s weight.
The tension in each of these ropes is half of
Isabelle’s weight. It is interesting to note that
the total energy expended to lift Isabelle is the
same for all three methods. This is because the
force required in Zoey’s method is less, but her
friends will need to pull twice the length of rope
to get her to the top. The work done by Zoey
and each of her friends (which is the energy
required to lift the load to the top) is the force
they apply times the distance they pull the rope.
This would be the same for all three methods.

Administering the Probe
This probe is best used with high school stu-
dents. It can also be used with middle school
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students in the context of a technological design/
engineering problem. In any case, if possible,
have a rope and pulley to show the students.

Related Ideas in National
Science Education Standards
(NRC 1996) and

Benchmarks for Science
Literacy (AAAS 1993, 2009)
This probe and the other probes in this sec-
tion (probes #39—#45) do not explicitly target
key ideas in the national standards documents.
Both the National Science Education Standards
and Benchmarks for Science Literacy delib-
erately did not include simple machines as
important ideas for science literacy. However,
because most high school physics courses,
many state and local standards, and National
Science Foundation—funded reform curricula
such as InterActions in Physical Science; FOSS
Simple Machines; and STC’s Energy, Machines,
and Motion include these concepts as an
extension of force, motion, and energy ideas,
we decided it was important to include these
“Other Topics.” In addition, students can use
this probe to make a prediction before apply-
ing the technological design/engineering pro-
cess described in the standards to solve design
problems without necessarily knowing the spe-
cific content related to mechanical advantage,
pulleys, and tension.

Related Research

e Similar questions have been asked of col-
lege physics students. Even after instruc-
tion, some of these students experience the

same difficulties that we see in younger
students (Mazur 1997).

Suggestions for Instruction and

Assessment

e A common instructional strategy is to have
students build Rube Goldberg machines—
a complex set of mechanical devices (using
pulley and levers) built to complete a sim-
ple task (Jarrard 2008).

e In a Japanese Lesson Study, teachers
designed a lesson in which students are chal-
lenged to lift heavy loads. The scenario is an
earthquake and one of their friends becomes
trapped beneath a heavy object. After plan-
ning what they might do, they are told by
the teacher that they can use levers and pul-
leys to lift various loads. The title of the task
is “Can you lift 100 kilograms?” See www.
lessonresearch.netlcanyoulift]. html.
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Cutting a Log

Hannah, Alex, and Amanda are camping with their family. They decide to go into
the forest to find wood for their campfire. They find a large log with no branches on
it. One end is very heavy and the other end is light. They decide they need to cut the
log in half in order to carry it back to their campsite. They want to make sure that
each half is about the same weight. Hannah suggests they balance the log on a rock

as shown below and cut the log at the balance point.

After balancing the log, this is what each said:

Hannah: “I think both pieces will weigh the same.”

Alex: “I think the piece on the right side of the balance point will
weigh more.”

Amanda: “I think the piece on the left side of the balance point will weigh more.”

Circle the best answer. Explain your thinking. What rule or reasoning did you use

for your answer?
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Cutting a Log

Purpose

The purpose of this assessment probe is to elicit
students’ ideas about center of mass. The probe
is specifically designed to see if students recog-
nize that when an object is balanced on a ful-
crum, it does not mean that the parts on either
side of the fulcrum will always have equal mass
(or weight).

Related Concepts
balancing, center of mass, mass, torque, turn-
ing effect, weight

Explanation

The best answer is Amanda’s: “I think the
piece on the left side of the balance point will
weigh more.” The shorter piece on the left of
the fulcrum (balance point) will have more
mass then the longer piece on the right. This is
because there is more mass (and more weight)
closer to the fulcrum, which has the same
effect as less mass (and less weight) farther
from the fulcrum. (It is the product of mass

times the distance from the fulcrum that must
be the same for something to balance.) Many
students incorrectly believe that terms such
as center of mass, center of weight, or center of
gravity are used to refer to the location where
there is the same amount of mass (or weight)
on either side of that point. To make things
balance, both mass and the location of that
mass must be taken into account. For more
advanced students, this idea is directly related
to the concept of torque, which is sometimes
referred to as “turning effect.”

Administering the Probe

This probe can be used with elementary, mid-
dle school, and high school students. With
younger students, the emphasis should be on
balancing and comparing the weights on each
side, not the more sophisticated concept of
center of mass. You can introduce the probe by
asking students if they have ever balanced an
object where both sides were not the same size.
With older students, you may substitute mass
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for weight if it doesn’t affect students” thinking
(some students will confuse the phonetically
similar word massive with mass). Make sure
students recognize that the suggestion is to
cut the log at the balance point and that once
the log is cut, the pieces are two very differ-
ent lengths. (For younger students, you might
point out where the balance point is located.)
Make sure that students understand that the
weights (or masses) of the two pieces are being
compared to each other and that cutting does
not change the weight or mass of a piece.

Related Ideas in National
Science Education Standards
(NRC 1996) and

Benchmarks for Science
Literacy (AAAS 1993, 2009)
This probe and the other probes in this sec-
tion (probes #39—#45) do not explicitly tar-
get key ideas in the national standards docu-
ments. Both the National Science Education
Standards and Benchmarks for Science Literacy
deliberately did not include center of mass
as an important idea for science literacy.
However, because many elementary curri-
cula include inquiry investigations related to
balancing, and middle school curricula often
build on these ideas by developing the concept
of center of mass, we decided it was important
to include these “Other Topics” probes. In
addition, students can use this probe to make
a prediction before applying the technologi-
cal design/engineering process described in
the standards to solve design problems with-
out necessarily knowing the specific content
related to center of mass.

Related Research

e Researchers have investigated children’s
conceptual development of the meaning
of mass and found that this understand-
ing develops slowly. The word mass often
becomes associated with the phonetically

similar word massive and in that way is
confused with size or volume (Driver et
al. 1994).

e From an early age, children have intui-
tive notions of moments (a moment refers
to the measure of an object’s resistance
to changes in its rotational motion) (e.g.,
Inhelder and Piaget [1958]). When they
manipulate a seesaw, for example, they
“know” that a “weight” farther away from
the center has a bigger effect and they
“know” how to achieve a balance using
different weights on either side of a beam
(Driver et al. 1994, p. 153).

e Some students may use the intuitive rule
“more A, more B.” Because the right side
of the log is longer, they may think there is
more wood and thus more mass (or weight)
on that side (Stavy and Tirosch 2000).

e Researchers used a similar balancing
task (with a baseball bat) with college
students. The results showed that even
after instruction, many students still
believed that the two halves would have
equal mass. When probed, some stu-
dents made statements about balancing,
some mentioned torque, and one student
said “that’s what center of mass means”

(Ortiz, Heron, and Shaffer 2005).

Suggestions for Instruction and

Assessment

e 'This probe can be used as a P-E-O-E probe
by having students make predictions about
a similarly shaped object, such as a piece
of clay (Keeley 2008). After they make
their predictions, students support their
predictions with explanations and then
test their ideas by cutting the object and
weighing both pieces. If their observations
do not match their predictions, they must
reconsider their explanations in the light
of new evidence.
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Connect this probe to a real-life example
of a small child and a heavier child try-
ing to balance on a seesaw by having the
heavier child move closer to the point of
the fulcrum without changing the posi-
tion of the seesaw on the fulcrum. Would
the total weight on each side of the bal-
ance point be the same? In this case, the
seesaw’s position on the fulcrum did not
change so the weight of each side of the
seesaw, even without the children, is the
same. The heavier child would still be
heavier than the lighter child. All that
changed was the position of the heavier
child, which changed the center of mass.
Just because they were balanced when
the heavier child moved closer to the
fulcrum doesn’t mean both sides (seesaw
plus children) of the fulcrum were of
equal weight.

Pegboard balances can be used so that
students can experiment with hanging
various masses at different distances
from the pivot point. The essential ques-
tion is “Can you balance two units of
mass with one unit of mass?” If students
succeed with this task, they can be asked
to balance three units with one unit.
Eventually students can develop a rule
so that they can predict where to hang

unequal masses so that they can balance
(McDermott 1995).
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Balance Beam

1\
! O |

A string is tied around a balance beam and hung so the balance beam is perfectly
balanced. One cup is placed at the right end of the beam. Another cup is placed on
the left side of the beam. The left cup is closer to the middle than the right cup. Two
cubes are placed in the cup on the right. The beam now tips downward on the right
side. How many cubes should be placed in the left cup in order to balance the beam?

Circle the answer that best matches your thinking.
2 cubes
3 cubes
4 cubes
5 cubes
6 cubes
It is not possible to predict.

Explain your thinking. What rule or reasoning did you use to decide how to get the

cups to balance?
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Balance Beam

oy

Purpose

The purpose of this assessment probe is to elicit
students’ ideas about balancing. The probe is
specifically designed to see if students recog-
nize that objects with different weights (or
masses) can be balanced using a simple math-
ematical rule.

Related Concepts

balancing, mass, weight

Explanation

The best answer is 6 cubes. This is because
masses or weights hanging closer to the pivot
have less of an effect on balancing than masses
or weights that are hanging farther from the
pivot. To create a balance, you must put more
weight (or mass) in the left cup.

To find the numerical answer, we need
to understand that the distance between the
hanging cubes and the pivot point is just as
important as the number of cubes. The prod-
uct of 3 (number of units away from the pivot

point) times 2 (the number of cubes) is equal
to 6. This number must be equal to the same
product on the left side in order for the arm
to balance. Because the pan is hanging 1 unit
from the pivot point, the number of cubes
must be equal to 6 (1 x 6 = 6).

Administering the Probe

This probe is best used with elementary stu-
dents engaged in inquiry-based activities on
balancing and weighing.

Related Ideas in National
Science Education Standards
(NRC 1996) and Benchmarks
for Science Literacy (AAAS
1993, 2009)

This probe and the other probes in this sec-
tion (probes #39—#45) do not explicitly target
key ideas in the national standards documents.
Both the National Science Education Standards
and Benchmarks for Science Literacy deliberately
did not include balancing as an important idea
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for science literacy. However, balancing and
weighing are important skills that are devel-
oped through inquiry-based activities in the
elementary grades that can involve both “mess-
ing about” and carefully controlling variables.
Balancing is also a way to help young students
move beyond their intuitive ideas about bal-
ancing and develop mathematical explana-
tions for observations. Because several elemen-
tary kit-based science programs such as STC
and FOSS include carefully sequenced activi-
ties on balancing and weighing, we decided it
was important to include this “Other Topics”
probe. In addition, students can use this probe
to make a prediction before applying the tech-
nological design/engineering process described
in the standards to solve design problems.

Related Research

e From an early age, children have intuitive
notions of moments (a moment refers to the
measure of an object’s resistance to changes
in its rotational motion), as identified by
researchers such as Inhelder and Piaget
(1958). When they manipulate a seesaw,
for example, they “know” that a “weight”
further away from the center has a bigger
effect and they “know” how to achieve a
balance using different weights on either
side of a beam (Driver et al. 1994, p. 153).

Suggestions for Instruction and

Assessment

e Use the P-O-E (predict-observe-explain)
strategy with the probe scenario by using a
hanging balance beam or a flat board with
a fulcrum with interval marks and cups
placed at the same interval marks as in the
illustration on page 193. Place two uniform
objects (such as unifix cubes or pennies)
in the cup as in the illustration. Have stu-
dents commit to predictions of how many
of the objects they need to put in the other
cup to make the beam balance; students

test their predictions by making observa-
tions. If they find their observations do not
match their predictions, encourage them
to try other numbers of objects until they
get the beam to balance. Then ask them
to come up with a rule that explains how
they got the beam to balance. Have them
test their rule by putting only one object
in the cup on the right (which should bal-
ance by putting three objects in the cup
on the left).

Provide students with a balance, fulcrum,
and “weights” such as unifix cubes. A bal-
ance and fulcrum can be as simple as a flat
board and a wedge-shaped block. Ask stu-
dents to explore different ways to get dif-
ferent numbers of unifix cubes on each side
in order to balance the beam. Have them
draw and explain the different ways they
were able to get their beam to balance.
Provide younger students with ample
opportunities to balance (a) symmetrical
and nonsymmetrical objects on a fulcrum
and (b) different weights on each side of
a fulcrum. From an early age, young chil-
dren seem to have an intuitive sense that
weight and the distribution of weight affect
how an object balances even though they
may not have the vocabulary to explain
the relationship. Listen carefully to their
“rules” for balancing and to indications
that they are thinking about the relation-
ship between balancing and weight.

Have students explore and explain the
way beam balances work (use both single
pan beam balances and double pan beam
balances).

Have students build and balance mobiles
to explore the relationship between weight
and balance.

Make a balance beam with a pencil, Pop-
sicle stick, quarter, and a penny. Tape the
quarter to one end of the Popsicle stick and
the penny to the other end. Lay the stick
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across the pencil and find a spot where the
stick balances. Have students observe how
the lighter coin needs a longer part of the
stick to balance with the heavier coin. Ask
them what they would have to do differ-
ently with the two coins if they were to
leave the pencil in the middle of the Pop-
sicle stick. Ask students to explain how this
is like two friends of different weights try-
ing to balance on a seesaw.

e Consider preceding this probe with a
K-W-L strategy: This is what I #zow about
balancing, this is what I want to know
about balancing, and this is what I learned
about balancing (Keeley 2008).
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Lifting a Rock

Alvin is trying to figure out how to lift a rock to place it on top of a block of cement.
He has two strong, thick boards of different lengths. One board is twice as long as the
second board. Alvin tries out both boards. First, he places the longer board over a log
with the end of the board just under the rock as shown in the picture. He pushes down
on the other end of the board. Then he does the same thing with the shorter board.

Part 1: Which sentence best describes the amount of energy it takes to lift the rock
onto the top of the box? Circle your answer.

A It is more for the long board.

B It is more for the short board.

C It is the same for both boards.
Part 2: Which sentence best describes the amount of force required to lift the rock
onto the top of the box? Circle your answer.

A It is more for the long board.

B It is more for the short board.

C It is the same for both boards.

Explain your thinking about how the lengths of the boards affect the amount of
energy and force needed to lift the rock.
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Lifting a Rock

O

Purpose

The purpose of this assessment probe is to elicit
students’ ideas about levers and fulcrums. The
probe is specifically designed to determine
whether students can differentiate between the
concept of force and the concept of energy in
the context of levers and if they recognize how
simple levers work.

Related Concepts
energy, fulcrum, lever, mechanical advantage,
potential energy, simple machine, work

Explanation

The best answer to the question in Part 1 is
C: It is the same for both boards. Because the
object is moved by the same amount (from the
floor to the top of the box), the total energy
required in both cases is the same. The energy
required to lift the rock is equal to the work
done by the person pushing on the lever. This

work is the force the person applies times the
distance that he or she pushes on the lever.
Although less force is required for the longer
lever, the distance the force is applied is also
longer. Another way to look at this is to com-
pare the increase in gravitational potential
energy of the rock. In both cases, the rock
weighs the same and the distance it moves is
the same. Therefore the change in gravitational
potential energy is the same for both rocks.
The best answer to the question in Part 2
is B: It is more for the short board. The force
needed for the longer lever arm is less than the
force required to lift the rock with the shorter
lever arm. It is the force times the distance
from the fulcrum that is the important quan-
tity for lifting. To reconcile the two answers
(in Part 1 and Part 2), students will need to
recognize that the energy required is the force
times the distance that the force is acting. The
longer arm requires less force, but the distance
that the longer lever must move is also greater.
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Administering the Probe

This probe is best used with middle school
and high school students. Make sure that stu-
dents can interpret the diagrams and that they
explain their answers in terms of both energy
and force.

Related Ideas in National
Science Education Standards
(NRC 1996) and

Benchmarks for Science
Literacy (AAAS 1993, 2009)
This probe and the other probes in this sec-
tion (probes #39—#45) do not explicitly target
key ideas in the national standards documents.
Both the National Science Education Standards
and Benchmarks for Science Literacy deliberately
did not include simple machines as important
ideas for science literacy. However, because
most high school physics courses, many state
and local standards, and National Science
Foundation—funded reform curricula such as
Interactions in Physical Science; FOSS Simple
Machines; and STC’s Energy, Machines, and
Motion include levers as an extension of force,
motion, and energy ideas, we decided it was
important to include this “Other Topics” probe.
In addition, students can use this probe to make
a prediction before applying the technological
design/engineering process described in the
standards to solve design problems without nec-
essarily knowing the specific content related to
mechanical advantage, pulleys, and tension.

Related Research

e In spite of having a fairly good notion
about the applications of a lever, many stu-
dents have difficulty communicating these
applications (Stepans 2008).

o The task of balancing is similar to the princi-
ples of levers. The related concept in physics
is called torque, which is the force applied at
a distance measured from the fulcrum. In
Ortiz’s research (Ortiz, Heron, and Shaffer

2005), she found that if students had not
yet fully compiled their ideas about and
procedures for using torque, they might see
problems such as those in this probe as easy
and obvious and thus might find it unnec-
essary to activate a physics principle. They
would rely on a simple, intuitive explana-
tion to make sense of the probe.

Suggestions for Instruction and

Assessment

e  Once students understand how forces and
energy affect the motion of objects, pro-
vide them with experiences that enable
them to apply this new information to
thinking about how forces and energy are
also involved in the way simple machines
work. Make sure they first understand that
a simple machine, such as a lever, is a sim-
ple device that affects the force required
to perform a given task. This concept can
later be connected to the concept of an
input force (longer side of the lever) and an
output force (shorter side of the lever).

e A common instructional strategy is to
have students construct Rube Goldberg
machines—a complex set of mechanical
devices (using pulley and levers) built to
complete a simple task (Jarrard 2008).

e In a Japanese Lesson Study, teachers
designed a lesson that challenges students
to lift heavy loads. The scenario is an earth-
quake and one of their friends becomes
trapped beneath a heavy object. After
planning what they might do, they are told
by the teacher that they can use levers and
pulleys to lift various loads. The title of the
task is “Can you lift 100 kilograms?” See
www.lessonresearch.net/canyouliftl. html.
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The Swinging
Pendulum

Gusti made a pendulum by tying a string to a small
bob. He pulled the bob back and counted the num-
ber of swings the pendulum made in 30 seconds. He
wondered what he could do to increase the number of
swings made by the pendulum. If Gusti can change
only one thing to make the pendulum swing more
times in 30 seconds, what should he do? Circle what

you think will make the pendulum swing more times.

Lengthen the string. Q

Shorten the string.

Change to a heavier bob.
Change to a lighter bob.

Pull the bob back farther.
Don’t pull the bob back as far.

® M m O 6 W »

None of the above. All pendulums swing the same number of times.

Explain your thinking. What rule or reasoning did you use to select your answer?
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The Swinging Pendulum
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Purpose

The purpose of this assessment probe is to elicit
students’ ideas about pendulums. The probe
is specifically designed to find out what vari-
ables students think affect the time it takes a
pendulum to swing back and forth. In addi-
tion, if students have an opportunity to test
the predictions they make for this probe, the
probe can also be used to determine whether
students recognize the need to control all but
one variable.

Related Concepts

pendulum, periodic motion, variables

Explanation

The bestanswer is B: Shorten the string. Adding
more weight (or mass) does not make a differ-
ence for the same reason that two objects that
weigh differently will fall with the same accel-
eration. (See the Teacher Notes for probe #30,
“Free-Falling Objects,” on pp. 168-170). The

initial height of the swing also does not make

a difference for angles that are relatively small
(less than about 40 degrees). This is because
the higher the swing the more distance the bob
has to travel, but the bob is also moving faster.
If the bob is released from a small angle, then
it will move slower, but does not have to travel
as far. (NVote: In the study of motion of pendu-
lums, it is assumed, even with older students,
that the angle of release is never above about 40
degrees. Larger-angle pendulums will behave
differently because the period of motion is no
longer a constant.)

Students who are learning about pendu-
lums for the first time will discover through
experiment that the period of a pendulum (the
time it takes for a bob to swing back to its point
of release) depends only on the length—that s,
the distance from the point of support to the
center of mass (also called center of gravity) of
the bob. If students think about air resistance
acting on the bob, then they may also select C
(change to a heavier bob). However, in most
cases, students who select C are not think-
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ing about air resistance when they choose this
option (you will need to check their reason-
ing). (Note: The dependence of the period on
the length of the string (or wire) is true only
() for small angles, i.e., less than about 40
degrees, and (b) if the mass of the bob is much
greater than the mass of the wire.)

Administering the Probe

This probe can be used with upper elementary
and middle school students. Show students
a pendulum, point out what the bob is, and
demonstrate its swinging motion. With older
students, consider referring to the mass of
the pendulum bob instead of using the words
heavier and lighter that now appear in the
probe’s distracters.

Related Ideas in National
Science Education Standards
(NRC 1996) and

Benchmarks for Science
Literacy (AAAS 1993, 2009)
This probe and the other probes in this sec-
tion (probes #39—#45) do not explicitly target
key ideas in the national standards documents.
Both the National Science Education Standards
and Benchmarks for Science Literacy deliber-
ately did not include periodic motion as an
important idea for science literacy. However,
because simple pendulums are frequently used
with elementary and middle school students to
build on the notion of a “fair test” by introduc-
ing and practicing the skill of identifying and
controlling variables, we decided it was impor-
tant to include this “Other Topics” probe.

Related Research

e Students often think mass or weight is the
primary factor affecting the period of a
pendulum. Some think a pendulum with a
lighter bob moves faster while others think

that a pendulum with a heavier bob moves
faster (Stepans 2008).

e Some students cannot distinguish the
effects of gravity, air resistance, and fric-
tion from factors that affect the period of a
pendulum (Stepans 2008).

e Inastudy by Carey et al. (1989) upper ele-
mentary and middle school students had
difficulty understanding experimentation
as a method of testing ideas. They tended
to view experimentation as a method of
trying things out or producing a desired
outcome (AAAS 1993).

e Students of all ages may overlook the
need to hold all but one variable constant
(AAAS 1993).

e Although young children have a sense of
what it means to run a fair test, they fre-
quently cannot identify all of the impor-
tant variables, and they are more likely to
control those variables that they believe
will affect the result. The more familiar stu-
dents are with the topic of a given experi-
ment the more likely they are to identify
and control variables (AAAS 1993).

Suggestions for Instruction and

Assessment

e This probe can be used to launch into an
experiment where students need to iden-
tify and control different variables in order
to determine which factor affects the time
it takes for a pendulum to swing,.

e With younger children, stress the need to
conduct a “fair test.” Ask students what
needs to be kept the same in order to make
the testing of their different ideas “fair.”
The notion of a fair test with younger chil-
dren is a precursor to developing an under-
standing of variables and controls in later,
more sophisticated experiments.

e 'This probe can be combined with “Grand-
father’s Clock,” an everyday science mystery
story (Konicek-Moran 2008) that helps stu-
dents discover how lengthening or shorten-
ing a pendulum helps a clock keep time.
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It is not just the length of string that always
determines the period (the time it takes to
complete one back and forth swing). Help
students be aware that it is possible to have
the same string length and the same bob or
different bobs with the same mass, yet have
different periods. The period depends on the
shape and orientation of the bob attached to
the string. For example, a block shaped like
@ could have a string tied around its cen-
ter (hung horizontally) or suspended from
its top (hung vertically). When hung verti-
cally, its center of mass (or center of gravity)
is lower and the string length would have
to be adjusted to account for that. If the
string lengths were kept the same, the bob
in the horizontal orientation would swing
faster than the bob in the vertical orienta-
tion because their centers of mass are dif-
ferent. The length of a pendulum is always
measured from the end of the string to the
center of mass of the bob.

With young children, avoid the use of
terms like period and frequency. Instead ask
them which pendulum swings more times

in a given time interval (e.g., 30 seconds or
one minute).
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Bicycle Gears

Maureen is building a bicycle. She has four gears: two large and two small, as shown
in pictures A, B, C, and D. She wants to be able to ride the bicycle up steep hills
without having to pedal too hard. She needs help figuring out what the best gear size

is for the front and back wheels and where to attach the pedals. Which sentence best
describes how she should build her bicycle?

A Dut the pedals on the big gearand €  Put the big gears on both the front and
the small gear on the back wheel. the back wheels.

B Put the small gear on the pedals D Put small gears on both the front and
and the large gear on the back back wheels.

wheel.

Explain your thinking. Describe how you decided which gears to use and where to

place them.
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Bicycle Gears

Purpose

The purpose of this assessment probe is to elicit
students’ ideas about gears. The probe is specif-
ically designed to determine whether students
use the concept of gear ratios.

Related Concepts

energy, gears, gear ratio, work

Explanation

The best answer is B: Put the small gear on the
pedals and the large gear on the back wheel.
The turning of one gear transfers energy to
the other gear. Gears behave like levers—the
larger the gear that is turned, the easier it is to
turn the smaller gear.

The pedals should be on the small gear and
the wheel should be on the large gear in order
to ride the bicycle uphill. This is because you
want one complete turn of the pedals to move
the bicycle a short distance. The shorter the
distance the bicycle moves with each turn of
the pedal, the less force it requires from the

rider (for each complete rotation of the pedals).
To go fast, you would want to switch the gears
and pedal with the large gear and mount the
wheel on the small gear.

Administering the Probe

This probe is best used with high school stu-
dents. Students may need to have some famil-
iarity with riding bicycles and changing gears
before the probe is administered. Make sure
students understand that the chain is very
light and therefore the mass is not a factor in
this problem.

Related Ideas in National
Science Education Standards
(NRC 1996) and

Benchmarks for Science
Literacy (AAAS 1993, 2009)
This probe and the other probes in this sec-
tion (probes #39—#45) do not explicitly target
key ideas in the national standards documents.
Both the National Science Education Standards
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and Benchmarks for Science Literacy deliber-
ately did not include simple machines or the
clements that make them up as important
ideas for science literacy. Because many high
school physics curricula include elements of
simple machines—such as gears and ball bear-
ings—as an extension of force, motion, energy,
and work ideas, we decided it was important to
include this “Other Topics” probe. In addition,
students can use this probe to make a predic-
tion before applying the technological design/
engineering process described in the standards
to solve design problems without necessarily
knowing the specific content related to gears,
gear ratios, and work. Both Benchmarks for
Science Literacy and Principles and Standards
for School Mathematics (NCTM 2000) target
ratios as important learning goals. This probe
is an example of using ratio in the context of a
technological design problem.

Related Research

e The standards of the National Council of
Teachers of Mathematics call for teaching
ratios and ratio reasoning in the middle
school years. However, research indicates
that students need to be exposed to these
ideas at a younger age if they are ultimately
to be successful with ratios and ratio rea-
soning (NCTM 2000).

e Researchers found that there was little cor-
relation between a child’s computational
ability and his or her ability to reason
with ratios or proportions. The research-
ers suggest that young students be given
multiple opportunities to use ratios in a
wide variety of contexts (Misailidou and
Williams 2003).

Suggestions for Instruction and

Assessment

e Anexample of an electronic resource for the
mathematics standard on ratios (related to
this probe) is the computer simulation on
the NCTM website on bicycle and gear
ratios. This collection of resources is from
NCTM’s work called “Illuminations.” See
http:/filluminations.nctm.orglActivityDetail.
aspx?ID=178.

e With older students, bicycle wheels and
gearing ratios can be used to teach about
exponential functions by analyzing a
multigear bicycle (such as a 10-speed
bike). For a description of this activity see

Greenslade (1979).
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symmetrical and nonsymmetrical objects, 195

torque and, 199
unifix cubes, 195
Balls
dropping from a tower, 177178
pushing around a corner, 137
released from a merry-go-round, 114
rolling speeds of, 43-44, 48—49
throwing while riding a skateboard, 101
twirling on a string, 111-112
Bernoulli’s law, 155
Bicycle gears, 205-206, 207
Birds, gravity and, 160
Brachistochrones, 62

Bridging analogies, 73-74, 82, 85, 109-110, 180

Buoyant force, 150

C
Card sorting
as FACT (formative assessment classroom
technique), 36-37
for gravitational force lesson, 159
Cars
forces when riding in, 135-136
toy car travel measurement, 15-16
Center of mass, 190, 191
Change
computing rates of, 49
in motion, calculating magnitude of, 117
Changing direction, 104
velocity and, 56
Circular motion, 111-112, 113, 136
misconceptions about, 113
riding in a car, 135-136, 137
Circular objects
circumference, 64
string around the Earth exercise, 63-64
Circumference, 64
piand, 64
Clock readings, 32, 36
ambiguity with time, 38
pendulums’ effect on, 203
Computational ability
proportional reasoning and, 37, 65, 207
using ratios and, 207
Concept matrices, xii
forces and Newton’s laws, 68
mass, weight, and gravity, 140
motion and position, 12
Conceptual learning, ix
Conservation of energy, 93
Conservation of mass, 144, 146
Constant motion, 2
Constant speed, 20, 21, 24, 28, 32, 80, 89
moving on a parade float and, 99-100
pulling an object upward and, 124
of rolling ball, 43—-44
unbalanced force and, 45, 81, 97
See also Speed
Contact force, 84

D
Delta symbol, use in textbooks, 38
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Diagnoser project, 2, 49
Displacement, 36, 44
speed vs., 38
Distance, 24, 28
as distance traveled, 34
travel measurement, 15-16

E
Earth
as a sphere, 179, 180
gravitational field, 174
Electricity, charged objects, 73.77
Energy, 206
conservation of, 93
potential, 174
student use of the word, 45-46
studying before learning about motion, 82
work, 186, 206
Energy transfer, 92, 93
Energy transformations, 93
Experimentation, misconceptions about, 203

F

FACT (Formative Assessment Classroom Technique)
card sorting for, 36-37
Misrepresentation Analysis, 105
See also Formative assessment

Falling objects, 115-116
misconceptions about, 179
teaching difficulties, 4-5

Finger strength, 127-128

Footracing, speed and, 47-48

Force
acting along a straight line, 93
action-at-a-distance force, 76, 78
on apples in airplanes, 107-108, 110
centrifugal, 137
centripetal, 112, 113
concept matrix, 68
contact force, 76, 108
equal forces, 128, 129, 131-133
falling objects and, 169
forces of nature, 160, 165
friction as, 85
“holding force,” 72
magnetic, 84
misconceptions about, 45-46, 77, 80, 81, 92, 93,

97, 105, 109, 121, 129, 137

motion and, 33, 45, 46, 79-80, 93, 117, 121, 183
net force, 81, 85, 93, 113, 119-120
normal, 108
between objects, 128
passive support and, 109
preconceptions about, 2
as property of an object, 81

resting state and, 25, 73, 93, 109

teaching difficulties, 3—4

touch as necessary for, 75-76

transfer between objects, 81

types of, 76

using spring scales to indicate, 125

weight and, 186

when riding in cars, 135-136

whirling objects on a string, 111-112, 113

See also Gravitational force; Pushes and pulls;

Unbalanced force

Force and Motion Conceptual Evaluation, 2
Force Concept Inventory, 2, 113
Forces of nature, 160, 165, 173, 179
Formative assessment, ix—x

See also FACT
Free fall, 167168, 168

acceleration and, 168

duration of fall, 168

force and, 169

misconceptions about, 169

weight and, 169

See also Gravitational force
Frequency, 204
Friction, 83-84, 88, 92

effect on magnets, 84

electric forces and, 85

fluid, 85

force and, 85

interaction and, 85

kinetic friction, 84

low-friction devices, 97

misconceptions about, 85, 97

in moving vs. stationary objects, 85

on playground slide, 83-84

rolling friction, 84, 93, 120

as rubbing, 85, 89

sliding friction, 84, 93

static friction, 84

torque and, 120

world without friction exercise, 87—-88
Fulcrums, 195

G

Galileo, 80

Gases, friction and, 85

Gear ratio, 206

Gears, 206

Going faster ambiguity, 21, 25, 57, 61

Graphs, 25, 27, 28, 32
ambiguities in textbooks, 34
changes in circumference and diameter, 66
distance/time, 27, 29
interpretation, pictorial vs. mathematical, 32
interpretation difficulties, 29, 33
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as literal pictures, 29, 33
of miles per hour, 37
motion diagrams as, 27-28, 32
position vs. time, 27, 49
as symbolic relationships, 29
Gravitational force, 73, 77, 108, 109, 116, 150, 158,
159, 164-167, 172, 178, 179
apples falling from trees and, 163-164
applying to real-life concepts, 161
astronauts’ Moon boots and, 158
on buried objects, 174
decrease with distance from earth’s surface, 173
defined, 165
direction of fall on Earth’s surface, 179
distance from Earth’s surface and, 172
experiencing, 157-158
heavy objects and, 117, 118, 169
instructional difficulties, 3
mass and, 158-159
misconceptions about, 109, 117-118, 151, 160,
161, 165, 173-174, 179
modeling with rubber bands, 161, 166
on the Moon, 144-145, 158, 160
moving objects and, 159
pressure and, 155
as pulling force, 72
Shell Theorem, 174
sizes of objects and, 158
slowed motion and, 45, 46
speed and, 159
strength of, 173
students’ prior learning about, importance of, 174
weight and, 144-145, 155, 158
See also Force; Free fall
Gravitational potential energy, 172, 174
Gravity, 157-159, 164, 168, 172, 178
concept matrix, 140
Curriculum Topic Study (CTS) chart for probe
development, xxi
instructional difficulties, 3
nature of, 3
planetary orbits and, 77, 81, 159, 165, 173
rock location and, 171-172
Gunstone, Richard, 1
Gut dynamics, 101

H
Harrington, Rand, xxvi

I

Ice cream drip exercises, 23, 27

Imagination, learning scientific principles and, 89
Inertia, 97

Instantaneous speed, 48

Instructional difficulties, 8

Index

difference between weight and mass, 3—4
emerging concepts and language, 5-6
force and motion probes, 7-8
teaching about gravity, 3
understanding motion of falling objects, 4-5
Interaction, 80, 84, 92, 108, 128
equal and opposite reaction, 128, 129, 131-133
between forces, identifying, 133
friction and, 85
between inanimate objects, 107-108, 110
stretching a rubber band, 128
Internet sources. See Websites

J

Jogger and Sprinter Elicitation (Internet feature), 49

K

K-W-L (Know-Want to know-Learned) strategy, 196
Karplus, Robert, 2

Keeley, Page, xxv

Kinematics, 45, 82

L
Lay dynamics, 101
Learning
imagination role in, 89
studying energy before motion, 82
Levers
balancing and, 199
length of, 197, 198
lifting heavy loads with, 183, 187, 197-198
using Rube Goldberg machines to demonstrate,
183, 187
Lifting heavy loads, 185-186, 187
Lines, straight confused with horizontal, 112
Logs, balance points for cutting, 189-191

M
Magnetism, students’ concepts of, 77
Magnets, 73, 77
friction effect on, 84
Mass, 144, 194
bulk appearance and, 146
center of, 190, 191
concept matrix, 140
defined, 145
massive confused with, 145-146, 191
misconceptions about, 146-147, 191
weight vs., 146
Measurement
of object’s position over time, 25
student ethnicity and, 17
See also Units of measurement
Measurement scales, starting points, 16, 17
Mechanical advantage, 182, 186

Uncovering Student Ideas in Physical Science



212

Index

Mechanics Baseline Test, 2
Misconceptions
acceleration, 57, 105, 117-118, 121, 169-170
changing incorrect beliefs, 121
circular motion, 113
experimentation, 203
falling objects, 179
force, 45-46, 77, 80, 81, 92, 93, 97, 105, 109,
121, 129, 137
friction, 85, 97

gravitational force, 109, 117-118, 151, 160, 161,

165, 173-174, 179

gravity in water, 151

language and, 5-6

mass, 146-147, 191

motion, 97, 105, 113, 121, 125, 129, 133

outer space, 118, 160

resting objects, 73, 85, 109, 166

unbalanced force, 125

weight, 169

See also Preconceptions
Mobiles, to demonstrate balance, 195
Moments, 195
Momentum, student use of the word, 45—46
Moon, gravity on the, 144-145, 158, 160
More A therefore More B concept, 41, 49, 57, 183
Motion, 49

on a parade float, 99-100

calculating change in, 117, 169

change in, 2

circular, 111-112, 113

comparisons of, 48

constant, 89

describing, language tools for, 53, 57

direction of, 21, 45, 55-56, 80, 89, 113

force and, 33, 45, 46, 79-80, 93, 117, 183

learning about energy first, 82

misconceptions about, 97, 105, 113, 121, 125,

129, 133

in outer space, 95-96

periodic, 202

position and, 21

concept matrix, /.2

position vs. time graph, 49

rates of change in, 49

relative, 49, 99-100

roller coasters, 55-56

slowing of, gravity and, 46

speed and, 25, 113

stopping when force runs out, 73, 81, 89, 97

teaching difficulties, 3—4

unbalanced force and, 45, 81, 113

uniform, 20, 24, 28

See also Acceleration; Speed
Motion detectors, 21, 33

Motion diagrams, 24-25
creating, 25
graphs as, 27-28
ice cream drip exercise, 23
interpreting intervals, 24
of rolling balls’ speeds, 48—49
Movement direction
changes in, 56, 104
speed and, 21
types of, 25

N

National Science Teachers Association (NSTA)
Learning Center resources, xv, 13, 69-70, 141—

142, 207

publications, xv, 13, 69, 141
website, xv

National Standards, xiii—xiv
CTS guides and, xix

Nature. See Forces of nature

Net force, 81, 85, 93, 113, 119-120

Newton, Isaac, 80

Newtonian thinking, 3

Newton’s first law of motion, 88, 89, 96, 100, 104,
105, 112, 136

Newton’s laws of motion, xviii, 155
concept matrix, 68

Newton’s second law of motion, 58, 80, 105, 119—
120, 124, 168

Newton’s third law of motion, 105, 128, 129-130,
131-132, 133
misconceptions about, 129, 133
phrasing of, 130, 133-134
springs as an example of, 133

Newton’s universal law of gravity, 158

(0]

Outer space
misconceptions about, 118, 160
motion in, 95-96

P
P-E-O-E (Predict-Explain-Observe-Explain) strategy,
44-45,61, 114, 121, 151, 192
P-E-O (Predict-Explain-Observe) strategy, 44-45,
61, 195
P-prims, 183
Parades, riding on a float in, 99-100
Passive action, 80, 108
Passive support, force and, 109
Pendulums, 201-203
bob weight, 203
clock time and, 203
Periodic motion, 202
pendulum length and, 203, 204
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Physics Cinema Classics (film), 101
Pi, 64
Piaget, Jean, 1, 155
Pizza dough, weight of, 143-144
Position, 24, 28, 32, 36, 48
measurement points and, 16, 17
motion and
concept matrix, /2
push or pull strength effect, 72
as an object’s location, 34
time vs., 27-29
Potential energy, 174
Preconceptions, xi
about force, 2
as springboards for learning, xi
See also Misconceptions
Pressure, 154—155
Bernoulli’s law, 155
walking on eggs, 156
walking on snow, 156
weather and, 155
weight and, 154
Probes, ix—x
considerations in using, xv
force and motion, 6—7
in grades 3-5, xv
in grades K-2, xv—xvi
in high school, xvii—xviii
in middle school, xvi—xvii
ways to administer, xiii
Proportion, 64
Proportional reasoning, 29, 37, 41
algorithms and, 65
computational ability and, 37, 65, 207
influences on difficulty with, 65
Pulleys, 182, 186
size factors, 181-182
using Rube Goldberg machines to demonstrate,
183, 187, 199
Pushes and pulls, 71-72, 81, 89, 136, 164, 165
action at a distance and, 78
bridging analogies, 7374
constant speed and, 124
electrically charged objects and, 73, 77
kicking as, 73
lifting a bucket, 123-124
by magnets, 73
pulling a person up a cliff, 185-186
pulling a spool of string, 119-120
throwing as, 73
on toy traveling in a straight line, 114
See also Force

Index

Q
Quantity vs. change in quantity, difficulty in

differentiating, 2

R
Racing
on foot, 47-48
Jogger and Sprinter Elicitation, 49
NASCAR, 51-52
Ramps
bank curvature and, 62
roller coasters, 55-56
skateboarding on, 19-20
speed on, 59-60
Ratios, 36, 40, 64
circumference to diameter, 64
computational ability and, 207
differing difficulties of, 37, 41
gear ratios, 206
miles per hour (mph) as, 37, 40
speed vs. exchange, 37, 65
teaching about, 207
Rest, misconceptions about, 73, 85, 109, 166
Roller coasters, 55—-56
Roller skates, 91-92
Rolling friction, 84, 93, 120
Rolling objects, 43-44, 48—49, 59-60, 114, 137
Round objects. See Circular objects
Rubber bands
for interaction demonstration, 128
for studying gravitational force, 161, 166
Rube Goldberg machines, to demonstrate pulleys and
levers, 183, 187, 199

S
Scales

to indicate applied force, 125

to study equal forces, 129
Science Curriculum Topic Study (Keeley), xix—xx
Science Formative Assessment (Keeley), xvili—xix
Scientific Terminology Inventory Probe (STIP), 53, 56
Simple machines, 182, 183, 186, 199
Skateboards

motion and speed of, 19-20

throwing a ball while riding, 101
Snow, walking on, 156
Space. See Outer space
Spaceships, design of, 103-104, 105
Spatial reasoning, 33
Spatial reasoning ability, graph interpretation and, 33
Speed, 24, 28, 32, 36, 44, 48, 52, 56

average, 40, 41, 48

calculation of, 52
comparing racers’ speeds, 47-49

defined, 64
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Index

delta symbol for representing, 38
direction of object’s movement and, 21
displacement vs., 38
going faster ambiguity, 21, 25, 57, 61
gravitational force and, 159
instantaneous, 48
larger measurement units for greater speed, 41
measurement units for, 39—40, 41
miles per hour, 37, 40
as ratios, 38, 39—40
snapshot descriptions, 21, 61
velocity vs., 51, 52
See also Acceleration; Constant speed; Motion
Speedometers, determining accuracy of, 35-36
Spherical Earth, 178
Sports, lay dynamics, 101
Standards. See National Standards
STIP. See Scientific Terminology Inventory Probe
Students, conceptual learning and, ix
Students’ misconceptions. See Misconceptions
Surface deformation, 109-110
Symbolic relationships, graphs as, 29

T
Teaching. See Instructional difficulties
Tension, 120, 182, 186
Textbook ambiguities
in distance/time graphs, 3334
distance vs. displacement, 38
distance vs. position, 38
quantity vs. change in quantity, 37-38
speed vs. displacement, 38
time vs. clock reading, 38
Ticker-Tape Puzzle (reasoning task), 25
Time, 24, 28, 32
clock reading ambiguity with, 38
Time intervals, 24, 28, 32, 36, 44, 48
short and long as, 61
Torque, 189-191, 199
friction and, 120
Touch, defined, 76
Turning effect, 189

U

Unbalanced force, 45, 81, 85, 89
constant speed and, 45, 105, 124, 125
misconceptions about, 125
motion and, 45, 81, 113, 124

See also Force

Uncovering Student Ideas in Science series (Keeley and

Harrington), ix—x, xi—xii
Uniform motion, 20, 24, 28, 32, 44
Units of measurement, 40, 41
conversion tables, 41
determining appropriate units, 41
larger units for greater speed, 41

miles per hour, 37, 40
for speed, 39-40, 41

See also Measurement

A\
Variables, 202
constant, 203
identifying which are important, 203
Vector, concept of, 53, 58
Velocity, 52, 53, 56
acceleration and, 58
change of direction and, 56
constant velocity, 52
speed vs., 51

W
Water
direction from garden hoses, 114
fluid friction, 85
ice cubes in, 151
misconceptions about gravity in, 151
volume vs. weight, 155-156
weight of, 153-154
weight of objects in, 149-150
Websites
on bicycle and gear ratios, 207
Blick on Flicks (film reviews for scientific
accuracy), 105
“Can you lift 100 kilograms” exercise, 199
CD hovercraft (low-friction device), 97
on curved banks and rolling objects, 62
diagnoser.com, 49
on force and motion, 69-70

NSTA, xv

NSTA Learning Center Resources, xv, 13, 69-70,

141-142, 207
Physics Cinema Classics (film), 101
“string around the Earth problem” search, 65

Weight, 73, 77, 108, 109, 116, 144, 150, 154, 189, 194

in and out of water compared, 149-150
concept matrix, 140
English vs. metric measurement, 146
“felt” weight, 145, 146, 155
force and, 186
free fall and, 169
gravitational force and, 144-145, 155
mass vs., 146
misconceptions about, 169
object placement and, 155
of pendulum bobs, 203
of pizza dough, 143-144
pressure and, 154
as pulling down force, 146
of water, 153-154, 155
White, Richard, 1
Work (energy), 186, 206
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