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Abstract
The purpose of any teacher is to try to be as effective a teacher as possible. In addition to
a solid background in the content, teachers need to have an understanding how to teach
effectively. This includes knowledge of how people learn, how they organize information in their
mind and what common preconceptions students may have upon entering the course. Students
need a solid conceptual foundation of the material. Modeling Instruction organizes these
concepts around a small set of models that can be applied to different situations. The
effectiveness of a Chemistry or Physics class can be measured using concept inventories
administered to students before and after the course. By comparing pre and post course scores,
the conceptual gains of student can be measured. There are several approaches to teaching but
not all are effective. Modeling Instruction is one method that has been demonstrated to be
effective, both in Physics and Chemistry.
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Introduction
I have been teaching Chemistry and Physics since the fall of 1985. Having just left a PhD
program in Biochemistry, content knowledge was not a problem, but I did not have much
experience in pedagogy, except for being a Teacher’s Assistant in graduate school. My first year
teaching seemed to be pretty straightforward teaching my students in the way I was taught. This
meant lectures, dazzling demonstrations and the weekly lab experiment that served as
conformation of what we learned already that week. There were three other classes to teach, all
with no written curriculum or textbook, so my first year was spent in survival mode. As hectic as
that year was, I managed to connect with several students, had several “learning experiences”
and had my share of good students who dutifully took notes, memorized the material and
successfully regurgitated the right answers on their tests. As the year went on, I began to notice
that even my best students would experience difficulties on any question that involved
conceptual understanding, making connections with previous knowledge or other content areas.
If the questions were different in just about any way, they were completely thrown off and
demonstrated that their knowledge of the content was precarious, at best.
The following summer, I took some education courses that were supposed to help me and
returned in the fall for a second year of teaching. Having learned so much during my first year, I
made adjustments in my teaching and did my best. While my classroom management skills
improved, I continued noticing difficulties students were having in developing a true
understanding for the material. As the years went on, I searched far and wide for courses that
would help me help my students learn. During that phase of my teaching I discovered teacher
demonstrations, which were billed as the solution to low student engagement with the content.
The theory was that if the teacher could just blow up enough stuff, show students neat chemical
reactions, which changed color or show how Physics ruled the world, students would finally
engage with the material and achieve on a higher level. After several years of polishing my
lectures, incorporating demonstrations and “cool” lab activities, I should have seen an increase in
student engagement and understanding. While I did notice an increase in student interest in class,
my students were still experiencing the same difficulties, exhibiting the same lack of conceptual
understanding, retaining their previously held misconceptions and not achieving at a level that I
thought they should. This is not to say that some students weren’t learning and going on to a
STEM related college major and ending up working in a STEM field, but that many of my
students who were capable of achieving so much more were stuck with only a veneer of
understanding.
Looking back, clearly what I and so many other science teachers were doing was
teaching a caricature of what science actually is. Instead of exposing students to the richness of
science, science was reduced to the memorization of key science terms that to them were just
fragments of a huge puzzle that they had to put together. What seems obvious to us is completely
lost to our students. I am not sure if it was the drive to cover all the content possible in the
textbook, or was just something we had done to us and felt the need to pass on to our students.
Bruce Alberts refers to this as, “Science education as mentioning” (Alberts 2012). A great
example of this is a middle school science textbook with hundreds of pages. In five of those
pages, there are 12 cell parts highlighted as key terms including endoplasmic reticulum, Golgi
bodies and lysosomes. Unfortunately there was not enough space to explain the function for each
part. How could a middle school student find this relevant or even interesting? We seem to be
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missing the point of science education, to empower students to explore nature, learn how to ask
questions, design experiments, collect data and reach their own conclusions, much like real
scientists do. We should be teaching students how to learn, not just a collection of science fact
fragments (Alberts 2012).
Much of the improvements in science teaching are driven by results in the study of
cognitive psychology. As we have learned about the differences in the brains of novices and
experts, it becomes clearer what we as teachers need to be doing in our classrooms. We need to
help our students think more like experts. That involves understanding the role of working
memory, building connections between prior knowledge and newly acquired knowledge and how
to develop effective problem solving skills (Roehr 2012). Students need a teacher who is a
cognitive coach, not a dispenser of information. Students need to build and organize their own
knowledge structures, not have their brains filled up with facts and information. The
constructivist model for learning is the direction in which education needs to go. While there are
many constructivist methods that have been developed, including the learning cycle, inquiry
based learning and POGIL (Process Oriented Guided Inquiry Learning) that have helped
improve science instruction, Modeling Instruction developed in the mid-1990s for Physics and
the 2000s for Chemistry offers a research-based way to improve both Physics and Chemistry
education.

Literature Review
Alberts (2012) laments the state of science education in the US. He states, “What is
taught in schools today is a caricature of science. Young people need to be introduced to
science’s full riches.” (Alberts, 2012) In today’s classrooms, students are presented with an
overload of facts that are meaningless fragments of information from their point of view. Science
education has been reduced to rote memorization and definitions. Textbooks stress coverage over
depth and true understanding. Students miss out on the excitement and power of science and the
scientific method. The author proposes a solution that focuses on the process of science, allowing
students to make their own observations and collect data whenever possible. Science teachers
should stress depth and conceptual understanding over breadth and fragmentation.
In the Roehr (2012) article, he profiles Carl Wieman, who uses cognitive psychology to
back up his recommendations on how science education should be changed. He argues how
teachers should be creating patterns of scientific thinking in their students. He looks specifically
at how experts organize their knowledge and reduce cognitive demands on their memory. The
role of teachers is not to dispense information but to be cognitive coaches, helping students
develop cognitive structures organizing that information. Teachers can help students by
eliminating unnecessary jargon, using drawings, graphs and other representations to reduce the
cognitive demands on students. All of this can help students make the necessary connections to
previous knowledge.
In Bransford et al (2000), the authors delve into the cognitive psychology of learning.
They examine how people learn material and transfer it to their long term memory by making
connections with previous knowledge. They discuss actual patterns formed in the brain (new
connections between existing neurons.) As one continues to learn, these structural changes
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increase in number. One important factor that determines how well students learn is how many
topics they cover in a specific amount of time. Too many topics taught too quickly cannot be
processed by the brain and be transferred to long term storage. Learners need time and deliberate
practice to consolidate their newly acquired knowledge.
The difference between novices and experts was discussed in depth. Experts actually
think differently from novices because of the way they have the information organized in their
brains. In experts, information is chunked in ways that make retrieval much easier than it is for
novices. Experts organize knowledge around core principles, concepts and big ideas that guide
their thinking. Novices rarely refer to major principles or big ideas and instead, jump right in
with the equation or formula that they need to solve the problem. Teachers need to help novices
plan how to organize the information they are learning so they can recognize meaningful patterns
of information.
Wells et al (1995) wrote the original paper published about Modeling Instruction. It tells
the story of Malcolm Wells, a high school Physics teacher who examined his teaching practices
and found that he wasn’t getting the expected outcomes from his students. He administered the
Mechanics Baseline Diagnostic survey in the beginning and at the end of his course to measure
how much his students gained from taking his Physics class. Despite being an accomplished and
experienced teacher, he found that the results were unexpectedly low. This result was replicated
for several other Physics classes over a few years.
After changing his approach to inquiry he found that there was little or no difference
between the traditional lecture method and the inquiry method. He teamed up with David
Hestenes at Arizona State University to help develop a better method of teaching Physics. What
came out of that work was the Modeling Instruction method for teaching Physics (Wells, 1987).
The content in a typical mechanics curriculum is organized around a relatively small number of
models. Students use these models to describe physical systems and to make predictions in new
contexts. In Modeling Instruction, the cycle of learning includes Model Development and Model
Deployment. In Model Development, students observe a physical system, make observations,
decide what variables can be measured and then design and carry out an experiment to determine
the relationship between the variables. In Model Deployment, students take the model from that
specific system and apply it in different contexts. In this phase, students develop a deeper
understanding of the model, its applications and its limitations.
The gains made in Modeling Instruction classrooms and traditional instructions were
compared and the outcome showed much larger gains for students who were taught Physics in a
Modeling classroom.
I chose the article by Gabel (1999) because it was published before the advent of
Modeling Instruction in Chemistry. This article makes many of the arguments that were later
used in why the traditional approach to teaching Chemistry was not achieving expected results. I
particularly enjoyed a story about Chemistry graduate students being asked what was in the
bubbles inside a beaker of boiling water. While 70% got it right, nearly 20% said the gas was air
or oxygen and about 5% said the gas was a mixture of hydrogen and oxygen. These
misconceptions are found in elementary and middle school students. Why couldn’t 100% of
incoming Chemistry graduate students answer the question correctly?
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Gabel speculates that the persisting misconceptions may be due to the high density of
Chemistry concepts in middle school science and high school Chemistry textbooks. Chemistry is
an abstract topic. Most of what goes on is at a submicroscopic level, which students cannot see.
Instructors represent this in the forms of symbols, equations and formulas. Students need a
particle representation of what happens at the microscopic level to help them connect the
macroscopic observations and symbolic representations that we ask them to make. Another
excellent point Gabel makes is the order of topics in a typical Chemistry textbook. Usually by
chapter 2 or 3, students are given the complete, most up to date model of the atom in all of its
glory. Why not start with something simpler which students can understand and then as the
course proceeds add the details based on experimental evidence? Students need to construct their
knowledge, not be filled with Chemistry trivia.
The article by Cullen (2015) focuses primarily on the benefits of the core curriculum in
Modeling Chemistry and its logical sequence, which aids in the conceptual development for the
student. The cohesiveness of the Chemistry content along with the using of evidence to build the
models and understanding make learning Chemistry more intuitive for students. There is a shift
in approach from teaching what we know to why we believe what we do about the natural world.
The Modeling approach relies heavily on the collection and interpretation of data and using that
as evidence for making claims. The development of the model of the atom from a featureless
particle to the modern day version follows a genuine progression just as the history of the
development of atomic theory evolved. As with Modeling in Physics, the relatively small
number of models helps students to explain systems and predict behavior of chemical processes
using multiple representations such as data, graphs, drawings and other representations.
In the Posthuma-Adams (2014) article, Modeling and Traditional instruction are
compared through the lens of science practices. Traditional instruction does little to foster
scientific thinking, instead focusing on memorization and completing procedural tasks which
require little interpretation and analysis of data or creative problem solving. The goal of
Modeling Instruction in Chemistry is to help students think like scientists. In Modeling
classrooms, students acquire and analyze data. Students can use this information to engage in
argument from evidence and justify conclusions they reach. As the class progresses, new data is
used to improve to a previous, incomplete model of matter. As with previous articles, the role of
teacher is outlined as a guide rather than a knowledge dispenser.
I found two Masters Theses that compared traditional and modeling instruction for
Physics and Chemistry. In Arsenault’s thesis (2014) he compares how students perform on a
variety of concept inventories including the Force Concept Inventory, Mechanics Baseline Test,
and the Lawson Classroom Test of Scientific Reasoning. As with previous studies, Modeling
Instruction was determined to be more effective than traditional instruction, though there was a
much more pronounced effect on male students vs. female students. In Barker’s thesis (2012) the
same approach was taken comparing results of the Chemical Concept Inventory and the Lawson
Classroom Test of Scientific Reasoning. In addition to comparing traditional with Modeling
Instruction, she examines differences in the results obtained by males and females, and those
between sophomores and juniors.
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Cognitive Psychology – How People Learn
The goal of every teacher is to help students move along the continuum from novice to
expert. Traditionally, teachers transmitted the information to the student by telling through
lectures. Research has shown that this is not the most effective way for students to learn.
Students need to be more active in their learning, by engaging with the material and making the
necessary connections to previous knowledge before they can actually understand it. Learning
new concepts actually changes the patterns in the brain by forming new connections between
different neurons (How People Learn 2000 Chapter 5). The process of making connections is
referred to as transfer. Once connections are formed, students can take what is learned and are
able to apply it to new contexts.
How can we as teachers help or hinder learning? It is important to not overload the
student by covering too many topics too quickly. If this happens, students learn isolated facts,
which cannot be incorporated into the existing cognitive structure. Getting knowledge into the
existing cognitive structures requires working memory, which is limited to 5 or 6 things at a
time. Overloading working memory makes it impossible for the learner to transfer the
information into the cognitive structures of the long-term memory. Deliberate practice facilitates
learning by giving the learner time to interact with the material, make sense of it and actively
monitor their learning experience. The challenge to the instructor is to find the sweet spot,
making the practice material not too easy or too difficult. Finding this appropriate level of
difficulty provides a challenge which most learners enjoy.
Learning inspires new patterns in the organization of the brain. This can be seen when
examining the minds of novices vs. experts. How do experts think differently than novices?
Experts have acquired extensive knowledge that affects what they notice and how they organize,
represent and interpret information in their environment. This affects their ability to remember,
reason and solve problems. Expert’s knowledge is not reduced to a set of facts, but instead,
reflects contexts of applicability and depends on the circumstances. Experts are flexible in their
retrieval of stored information and can accomplish retrieval with little effort (How People Learn
2000 Chapter 2).
Novices lack these connections and it is up to the teacher and the learner to develop
these. Novices need to learn the features and patterns that experts have already. Just showing
slides, PowerPoints, videos or lecturing achieves little when shown to novices. It is necessary for
novices to learn “how to see” (How People Learn 2000 Chapter 2). Instructors need to provide
learning experiences that specifically enhance novices’ abilities to recognize meaningful patterns
of information. Experts have chunked their knowledge around core principles, concepts and big
ideas that guide their thinking. For example, in Physics, experts problem solve around major
principles and laws applicable to the problem. Beginners rarely refer to major principles. Instead,
they describe equations they would need. Experts also take the time to sketch out a problem,
draw qualitative diagrams, all which can help them recognize the core ideas they need. Novices
employ the “plug and chug” method, which rarely results in a comprehensive solution to the
problem. A great example of this is the following anecdote. There are 26 sheep and 10 goats on a
ship. How old is the captain? Novices may try to find an equation or perform a mathematical
operation to get to the “solution.” An expert would try to make sense of the problem and in this
case, would realize that it is nonsense (How People Learn Chapter 2).
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“Knowing more” means having more conceptual chunks in the memory, more relations
or features defining each chunk, more interrelations between the chunks and efficient methods
for retrieving the related chunks and procedures for applying these informational units in
problem solving contexts. While experts have a vast repertoire of knowledge, they usually only
need to access a small subset of that knowledge for a particular problem. They don’t have to “sift
through” the sum total of all of their knowledge to find the solution. Experts are knowledgeable
and very good at retrieving their knowledge.
An understanding of the differences between experts and novices has implications for
designing curriculum, instruction and assessment to promote effective learning. Most textbooks
contain so much information that it overloads the cognitive structures of the learner, and are
often designed by committee as a one size fits all approach, with an encyclopedic compilation of
information that is at once too broad and not deep enough. Rarely is there evidence supplied to
back up assertions. The quality of learning and the spirit of scientific inquiry are often lost when
evidence is replaced with assertion. Equations and definitions are provided, but they are
perceived as fragments by the student and not very helpful. How can instructors help students?
Help them think like experts. Rather than present a mass of facts, present material in clear and
coherent chunks or models. Help the students see the big ideas and how experts organize and
solve problems. Help students develop the skill of selective retrieval, which places fewer
cognitive demands on them. Expert teachers know the kinds of difficulties that students are
likely to face and do what they can to help students avoid the pitfalls learners can face.
Teachers need to design a learning environment that supports students in their learning.
The environment should be learner-centered, where teachers recognize the importance of
building on conceptual knowledge the student brings with them into the classroom. Teachers
need to select critical tasks that confront and change students’ misconceptions. The environment
should also be knowledge centered, focusing on ideas that build bridges to understanding. This
happens by sense making through multiple representations, including graphs, drawings, and
other representations. New ideas and terminology are best introduced after an operational
definition is established. Finally the environment has to be assessment centered, giving students
feedback along the way and opportunities for revisions in their work. The classroom community
should value the search for understanding and allow students the freedom to voice their thoughts,
the freedom to make mistakes in order to learn from them (How People Learn Chapter 6).
Effective teachers need pedagogical as well as content knowledge. Helping students
organize knowledge is just as important as knowledge itself. Teachers should give all students
the opportunity to make their thinking explicit to teachers.
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Developing Modeling in Physics Teaching
If our goal as Physics teachers is to help students learn Physics, how do we know if we
are being effective? Over the course of years, concept inventories have been developed that can
do just that. The first such inventory in Physics was the Mechanics Diagnostic. This assessment
tested how students’ personal beliefs about the physical world compared to Newtonian concepts
in Physics. When this assessment was administered in the beginning and at the end of a course,
teachers could compare the pre and post scores and calculate the gain. As more and more Physics
teachers were administering the pre and post inventory, it became apparent that student gains
were shockingly low. As more data came in, it became clear that traditional Physics instruction
was not effective in helping students learn the content. The measured gain was independent of
the instructor’s years of experience. Even the most highly rated lecturers produced little or no
gain in conceptual knowledge of Physics (Wells, et al 1995).
Malcolm Wells was a high school Physics teacher in Arizona who was interested in
improving Physics pedagogy. After getting the results back from his class, he realized that the
results were due to the methods used to teach Physics, so he set out to try to improve his teaching
method. He abandoned the traditional lecture-demonstration model for teaching and tried using
the Learning Cycle, an inquiry based method developed by Karplus. The results on the
mechanics baseline diagnostic were no better using the Learning Cycle than they were for the
traditional lecture-demonstration method. As Malcolm was pondering his results, he heard about
the Modeling Theory of Physics Instruction being developed by Dr. David Hestenes at Arizona
State University (ASU) in Tempe, AZ (Hestenes, 1987). This method looked like it held some
promise because it closely emulates scientific practice. It addresses serious weaknesses in
traditional instruction including the fragmentation of knowledge and replaces it with a small set
of coherent models that students use to explain phenomena and make predictions.
Traditional Physics teaching has often been referred to as “One damned thing after
another.” From the students’ viewpoint, answers come from plugging and chugging numbers into
a formula, not from understanding the concepts behind the actual problem. Students need a
complete picture of the physical situation. Models describe a relatively small number of basic
patterns that appear ubiquitously in physical phenomena. Models supply the context and help the
student determine if a solution is reasonable. Students become familiar with the structure,
versatility and limitations of models by employing them frequently. The emphasis on a small set
of basic models focuses student’s attention on the structure of scientific knowledge as the basis
for scientific understanding. Models help explain physical phenomena which provides the
foundation for being able to effectively analyze a situation in order to solve a problem (Wells et
al 1995).
What does a modeling classroom look like? It is a student-centered environment with the
teacher avoiding the role of authority figure, playing the role of coach instead of the “sage on the
stage.” Each unit follows a Modeling Cycle, which begins with Model Development and ends
with Model Deployment. In the Model Development stage, students explore a physical
phenomenon to investigate. The class makes observations and describes the system, and then
identifies variables that can be measured. Students then set up an experiment to measure the
cause and effect relationship between the independent and dependent variable. Data is acquired,
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plotted on a graph and a mathematical model between the variables is determined. Each lab
group shares their data and graphs and a consensus is reached on what the model is. In addition
to a mathematical model, the class develops graphical and other conceptual models for the
variables. The students’ lab reports provide a coherent argument in support of their model
construction. After development of the model, the next stage is Model Deployment. The model
developed is applied to different contexts and new situations. This helps the student understand
that the model can be applied in several contexts. Students can now describe, explain and make
predictions with the model. During this stage, students use whiteboards to present their solutions
to the class. Whiteboards include drawings, graphs and mathematical representations of the
system they are studying. This helps them deepen their understanding and develop their
independence in formulating and executing tasks, and defending their point of view. This also
gives the teacher the opportunity to employ Socratic questioning of the students and probe for
lingering misconceptions. Correct answers are not taken for granted, but must be backed up by
experimental evidence.
What is the evidence that Modeling Instruction for Physics classroom works? The gain
calculated for the Mechanics Baseline diagnostic (later modified to the Force Concept Inventory)
is significantly greater for Modeling classrooms compared to either traditional classrooms or
Inquiry based classrooms. Inquiry is NOT enough. Models are required to improve results. Here
is some data from the original paper written by Malcolm Wells that compares FCI scores for
Modeling and traditional classrooms.
Figure 1 A Comparison of FCI scores Between Traditional and Modeling Instruction
(Wells et al 1995).
FCI
Pretest

Posttest

Traditional

26

42

Modeling (Novice Modeler)

26

52

Modeling (Expert Modeler)

29

69

Some more recent data shows similar results. Here is a comparison of FCI scores for traditional
and Modeling classrooms.
Figure 2 A Comparison of FCI Scores Between Traditional and Modeling Instruction
(Arsenault 2014).
FCI
Pretest

Posttest

Traditional

24

34

Modeling

28

45
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Another way to look at the effectiveness of Modeling Instruction vs. traditional
instruction is to look at the Average Normalized Gain. The normalized gain, introduced
by Richard Hake "as a rough measure of the effectiveness of a course in promoting conceptual
understanding," has become the standard measure for reporting scores on research-based concept
inventories. Hake defined the average normalized gain as:

where brackets indicate class averages. This measure is commonly described as "the amount
students learned divided by the amount they could have learned." As you can see in the chart
below, the average normalized gain for Modeling Instruction is significantly higher than for
traditional instruction.
Figure 3 A Comparison of Normalized Gains Using Traditional vs Modeling Instruction
(Arsenault 2014).
Class

Normalized Gains

Traditional

12%

Modeling

26%

There was a significant difference between the gains made by male and female students with
both traditional and modeling instruction. Males showed a larger gain for both traditional and
modeling instruction, though the gain with modeling instruction was three times that of
traditional instruction. Females performed only slightly better with modeling instruction than
with traditional instruction.
Figure 4 A Comparison of Normalized Gains of Males and Females (Arsenault 2014)
Gender

Average Normalized Gain Traditional Instruction

Average Normalized Gain Modeling Instruction

Male

19%

35%

Female

8%

12%
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I have been administering the FCI to my Physics classes for several years. Here are the results
over the last eight years.
Figure 5 Average Normalized Gains for My Physics Class from 2010 - 2018
School Year

Class Average
Normalized Gain

Average Normalized Average Normalized
Gain - Female
Gain - Male

2010-11

39.7

30.8

43.4

2011-12

49.9

45.5

54.7

2012-13

62.8

60.4

66.0

2013-14

46.7

46.8

46.7

2014-15

40.7

24.3

44.5

2015-16

43.7

47.3

35.4

2016-17

45.2

42.8

47.2

2017-18

31.5

29.25

36

I have found that there is still a gender gap for average normalized gain on the FCI, but it is not
as pronounced as Arsenault found in his study. The number of students in my classes tends to be
smaller, and that may account for the differences from year to year.
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Modeling Instruction in Chemistry
Do chemistry students experience the same difficulties as physics students? In many
aspects, the answer is yes. If Physics is “one damned thing after another,” Chemistry could be
described by even more colorful language. Nearly everything that happens in Chemistry occurs
at the submicroscopic level, so we can observe little directly. At least with Physics, we can watch
a cart accelerate down a ramp, observe a collision between two objects, or measure the force
acting on an object. As difficult as Physics is, it is observable and in some sense concrete.
Chemistry is abstract and Chemists have developed a symbolic language that can largely be lost
on students. Surprising, if not discouraging, responses to a question answered by incoming
Chemistry graduate students illustrate the difficulties students have truly understanding what is
going on in a chemical or physical process. When asked to identify what was inside a bubble
inside a beaker of boiling water, nearly 20% answered air or oxygen and 5% answered a mixture
of hydrogen and oxygen. At least 25% of these students retained misconceptions that are
commonly found in elementary and middle school (Gabel 1999).
Chemistry and Physics are unlike many other subjects that students encounter in school.
When students learn about the French Revolution, or how to speak a second language, they have
little or no prior exposure to the content in these areas. When students walk into a Chemistry or
Physics class, they have a lifetime of experiences that in many cases, they have created incorrect
models to explain. The source of these preconceptions could be science classes in elementary or
middle school or just day-to-day life. Younger children rely on sensory information when
reasoning about matter. Abstract ideas are not readily used, so children persist in thinking matter
is continuous. They operate on the “seeing is believing” principle. People do not readily give up
their naïve views about matter and can retain these views into adulthood.
A way science teachers can help alleviate this is to be well versed in common
misconceptions which students have. That way, teachers can provide students with opportunities
to engage in cognitive conflict (Kind 2004). This engages with student’s misconceptions and
provides an opportunity to help the student correct their misconception. For example, in my
Chemistry class, I ask my students to predict what happens to the mass of a piece of steel wool
when it is heated with a burner. Nearly all predict the mass will decrease because it will be
burned away. After they carry out the experiment, they agree that the mass actually increases.
They are asked to provide a particle-based explanation for their results.
How can Chemistry teachers help students develop a better conceptual understanding as
well as let go of their misconceptions? One way would be to reduce the large volume of
information down to a coherent set of models that can be used to explain chemical phenomena.
These models can be used to explain chemical phenomena and can be refined as necessary with
new experimental evidence to explain more complicated processes. Due to the complex, submicroscopic and abstract nature of Chemistry, multiple representations should be used to help
students develop their own conceptual understanding. A three-fold representation would include
the macroscopic (what we see), the particle representations and the symbolic (including symbols,
formulas and equations.) Applying the three representations of matter has the potential for
improving the conceptual understanding of students (Gabel 1999).
Chemistry textbooks are organized to present the more theoretical aspects of Chemistry
such as atomic theory and bonding before students are even convinced that it is useful to view
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matter as a collection of particles. Detailed knowledge of atomic structure is not necessary for
understanding kinetic theory, gas laws or even chemical reactions. While this inside out model
seems logical to the teacher, it is not to the students. The information from the textbook is
perceived as fragmented by students and they have difficulty incorporating it into a coherent
understanding. Students need to have a solid foundation of conceptual understanding in order to
truly understand how to solve problems. Applying algorithms to solve problems may result in the
right answer, but you won’t have to dig very deep to see that the student really does not
understand the why behind the why aspect of the response (Bowen and Bunce 1997).
Modeling Instruction provides a way to improve student conceptual understanding by
providing a coherent progression of increasingly complex models for the atom. There is no
textbook. Students build their own reference material from evidence collected in lab
experiments. In a Modeling Chemistry classroom, concepts are uncovered on an “as needed”
basis. In the first unit, the model for matter is based on Democritus’s model, where the atom is a
featureless particle. As the course progresses, students are confronted with new data and
observations that require the model to be refined. In order to explain diffusion and thermal
expansion, energy is introduced and is what is responsible for particle motion. This leads to the
kinetic theory of matter. Each unit adds something to the model, such as sticky particles to
explain phases of matter in unit 3, combining particles in unit 4 and so on. The concepts follow a
logical progression for the student, who can take what they are learning and incorporate it into
their preexisting knowledge. In a Modeling Chemistry classroom, students experiment, collect
data and make observations. Students discuss their experimental results, reach consensus and
construct their own knowledge. The teacher plays the role of coach and can help students
consolidate the model.
Modeling instruction addresses weaknesses in traditional instruction including
fragmentation of knowledge, student passivity and persistence of naïve beliefs. Unlike traditional
Chemistry classrooms, students carry out experiments that they do not know the outcome of
already, providing a more authentic experience for the learner. The goal is to produce students
who can think like scientists, engage in scientific debate, analyze information, present and justify
conclusions and develop and employ models. Students make connections to previous knowledge,
collaborate with peers in planning experiments, presenting and justifying solutions and
developing and employing models. Applying a model and thinking conceptually before applying
equations and formulas, demonstrating a more authentic understanding of the problem and its
solution, replace robotic problem solving by algorithm.
Modeling Instruction incorporates components of inquiry with the added benefit of a
logical sequence of conceptual development that provides a dynamic learning progression
(Cullen 2015). The cohesiveness of the content along with using evidence to construct models
helps to make learning Chemistry more intuitive for students. Modeling Instruction emphasizes
connecting observed behavior to graphical and diagrammatical representations to solve
problems.
There is a shift in focus from teaching what we know about Chemistry to how we know it
and why we believe what we do about the natural world. Modeling Instruction follows a
historical approach developing the atomic model in a genuine progression just as the history of
atomic theory evolved (Cullen 2015). Students move from uncritical belief to an informed
understanding based on experimental data.
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The Chemical Concept Inventory, later modified to the Assessment of Basic Chemical
Concepts is an assessment of students’ conceptual understanding of chemical concepts. As you
can see in the diagram below, Modeling Instruction results in a better outcome than traditional
instruction. Here is a comparison of CCI scores for traditional and Modeling classrooms.
Figure 6. A Comparison of CCI Scores between Modeling and Traditional Instruction
(Barker 2012).
CCI
Pretest

Posttest

Modeling

23% +/- 1%

36% +/- 2%

Traditional

24% +/- 1%

27% +/- 2%

When students take the survey before and after the course, the average normalized gain can be
calculated. As with the FCI in Physics, the gains for students who take Chemistry from an
instructor employing Modeling Instruction show significantly larger gains than for those who are
in traditionally taught Chemistry classrooms. Below is a chart that shows normalized gains for
four traditional classes and three Modeling classes.
Figure 7. A Comparison of Normalized Gains between Modeling and Traditional Instruction
(Barker 2012).
Class

Normalized Gains

1st Traditional

3% +/- 4%

2nd Traditional

7% +/- 3%

3rd Traditional

8% +/- 5%

4th Traditional

1% +/- 3%

6th Modeling

15% +/- 3%

7th Modeling

21% +/- 4%

8th Modeling

12% +/- 4%

As with the raw scores, there is a clear improvement in the gains made by students who are
taught Chemistry in a Modeling classroom.
In addition to comparing Modeling and traditional Chemistry courses comparisons were
made between males and females on the CCI in both classrooms. In Modeling classrooms males
had an average gain of 17% while females had a gain of 16%. In traditionally taught Chemistry
classrooms, males had a 1% gain while females had a 4% gain (Barker 2012).
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I have been administering the ABCC (a slightly modified version of the CCI, shown to be
better for high school) to my Chemistry classes. Here are the results over the last eight years.
Figure 8 Average Normalized Gains for My Chemistry Class from 2010 - 2018
School Year

Class Average
Normalized Gain

Average
Normalized Gain Females

Average
Normalized Gain Males

2010-11

23.5

17.7

34.6

2011-12

28.2

27.9

30.0

2012-13

31.8

29.5

35.1

2013-14

24.5

18.8

27.0

2014-15

30.1

27.6

32.9

2015-16

27.5

22.5

37.2

2016-17

20.8

18.1

23.1

2017-18

26

25.3

27.5

Summary and Conclusions
When a student enrolls in a class, their goal is to learn as much about the subject as
possible and be able to make connections between the new material and what they already know.
This enables them to not only recall the material but to also apply it in different contexts and
make connections to other disciplines. The role of the teacher is to help students not only learn
and apply the content, but to also be able to develop their skills such as communication, problem
solving and integrative thinking. When a student leaves the classroom, hopefully they will have
the skills to continue to expand their knowledge and understanding of our world.
Most teachers go into teaching with the good intentions of helping students to learn.
Much of what teachers are taught in teacher training programs sounds like good teaching. Clear
and effective lectures, interesting and engaging demonstrations and clear example problems all
seem like a recipe for success. Unfortunately upon closer examination, these seemingly logical
prescriptions are not as effective as we would like. If a teacher knew their methods were less
than effective, they would be motivated to find a better way to help students learn.
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A good starting point is to understand how minds of novices are different than experts.
Once one realizes that the cognitive structures of novices and experts are very different, we can
develop ways to help novices build the structures they need to truly understand and be able to
apply the concepts we want them to learn. Understanding cognitive load and working memory
can help teachers move students beyond rote memorization and guide them towards
incorporating new concepts into their existing long term cognitive structures. Teachers need to
design learning experiences to enhance students’ ability to recognize meaningful patterns of
information. This allows students to chunk information more like experts and help them retrieve
the information more quickly and efficiently. In a Physics or Chemistry class, teachers should
incorporate useful representations such as drawings, diagrams and graphical representations.
Effective teachers need extensive pedagogical knowledge as well as content knowledge.
Modeling Instruction helps students organize the content into a handful of models. Students build
their knowledge in the classroom by experimenting, discussing, reaching consensus and then
applying these models to the appropriate situation.
Modeling got its start by a handful of teachers that were curious about why their students
weren’t performing up to expectations, even after a rigorous lecture and lab based Physics or
Chemistry course. Concept inventories designed to measure students understanding of basic
concepts in Physics and Chemistry were designed and given to students before and after the
course. Students showed little gain and retained misconceptions and had difficulty recognizing
which concepts applied to a specific situation. While the classroom presentations made perfect
sense to instructors, much of what was being taught was lost on students. The material was
present in fragments and it was expected that the students would somehow put it all together and
make sense out of it. It turned out that the transmission model of education was failing students.
Modeling Instruction in both Physics and Chemistry involves organizing the content
around a handful of models that students can apply. Models include multiple representations
including drawings, graphs, and mathematical equations. Rather than sift through countless
fragments of information, students can analyze a problem using drawings, graphs and other
representations and determine which model applies. The time it takes to do this brief analysis
helps make their thinking more organized and efficient and increases the probability of a
successful outcome.
Examining results from conceptual inventories, there is a clear improvement in the gains
made by students in Modeling classrooms compared with traditionally taught Physics and
Chemistry classrooms. Even comparing seasoned traditional lecturers with novice modeling
teachers, there is a clear improvement in students’ gains. As the modeling teachers gained
experience, their students gains improved even more.
Using Modeling Instruction in the classroom is a much more authentic experience for
students than a traditionally taught science class. Instead of taking a class about science, students
become the scientists, asking questions, carrying out experiments that they do not know the
outcome of, collecting and analyzing data, presenting explanations to peers and justifying their
conclusion with data. Students are not passive consumers of information but are actively
involved in their learning. They build their own knowledge and are much better able to
understand and apply it.
17	
  
	
  

Running	
  Head:	
  How	
  Can	
  Modeling	
  Instruction	
  I mprove	
  Physics	
  and	
  Chemistry	
  Instruction?	
  
	
  

References
Alberts, Bruce, (2012). Restoring Science to Science Education. Issues in Science and
Technology. 25.4
Arsenault, Mark E. “The Effects of Modeling Instruction in a High School Physics Classroom”
(2014) LSU Master’s Theses. 4257. http://modeling.asu.edu/Projects-Resources.html
Barker, Jacqueline Grace. “Effect of instructional methodologies on student achievement:
modeling instruction vs. traditional instruction” (2012) LSU Masters Theses. 503
Bransford, J.D. et al (2000). How People Learn: Brain, Mind, Experience, and School.
Washington DC: National Academy Press
Cullen, Deanna M. (2015). Modeling Instruction: A Learning Progression That Makes High
School Chemistry More Coherent to Students. Journal of Chemical Education. 92, 1269-1272
Gabel, Dorothy (1999). Improving Teaching and Learning through Chemistry Education
Research: A Look to the Future. Journal of Chemical Education. 76, 548-554
Hake, Richard (1998). Interactive-engagement versus traditional methods: A six-thousandstudent survey of mechanics test data for introductory physics courses. American Journal of
Physics 66, 64 (1998)
Hestenes, D. (1987). Toward a Modeling Theory of Physics Instruction, Am. J. Phys. 55: 440454. http://modeling.asu.edu/R&E/research.html
Kind, Vanessa. (2004). Beyond Appearances: Students' Misconceptions About Basic Chemical
Ideas. A report for the Royal Society of Chemistry. http://modeling.asu.edu/Projects-Resources.html
Posthuma-Adams, Erica (2014). How the Chemistry Modeling Curriculum Engages Students in
Seven Science Practices Outlined by the College Board. Journal of Chemical Education. 91,
1284-1290 http://pubs.acs.org/doi/abs/10.1021/ed400911a?journalCode=jceda8
Roehr, Bob (2012). Nobel laureate Carl Wieman: Effective Teaching Should Create Students
Who Think Like Scientists. AAAS News Archives.
Wells M, Hestenes D, Swackhamer G (1995). A modeling method for high school physics
instruction. Am J Phys 63:606–619 http://modeling.asu.edu/R&E/research.html
Wells, Malcolm (1987). Modeling Instruction in High School Physics. Doctoral dissertation,
Division of Curriculum and Instruction, Arizona State University, Tempe, AZ.
[Note by David Hestenes: Malcolm’s test of Modeling Instruction is surely one of the most
well-controlled and significant physics education experiments of all time. His primary treatment
and control groups differed only in the pedagogy used, and the effect was large!]
http://modeling.asu.edu/Projects-Resources.html
https://www.physport.org/recommendations/Entry.cfm?ID=93334
18	
  
	
  

Running	
  Head:	
  How	
  Can	
  Modeling	
  Instruction	
  I mprove	
  Physics	
  and	
  Chemistry	
  Instruction?	
  
	
  

Appendix
In this section, there are samples of work in two typical units, one in Physics and the
other in Chemistry. Each unit starts with a lab, where students collect data and try to make sense
of it. Sense making involves the creation of a model. In both Physics and Chemistry, we use
multiple representations to help students develop a better conceptual understanding of the model.
In Physics, we can model motion with graphs, equations and motion maps. Later in the course,
other representations are developed including force diagrams and energy bar charts.
In Chemistry, we use particle diagrams to represent the chemical reactions that take place
at a scale we cannot see. Previous models are employed to help students quantify how many
moles of reactants that are consumed and how many moles of products are formed in a chemical
reaction. From this information, students can empirically balance the equation that represents the
chemical reaction. In addition to these representations, students use energy bar charts to
represent the flow of energy in and out of a system involved in a chemical or physical change.
The school profile of Bellows Free Academy is at the end of the appendix.

Example	
  1:	
  Physics 1A – Unit 2: Kinematics II: Non-Uniform Motion
Understandings.
Objects exhibit non-uniform motion because of an unbalanced force acts upon them. When an object changes its
velocity, it is accelerating.
Learning Target: Unit 2

02.01 Representing Non-

A) I can recognize and describe what a position vs. time for
non-uniform motion looks like and draw a graph based on a
description of the motion.
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Uniform Motion

B) I can recognize and describe what a velocity vs. time for
non-uniform motion looks like and draw a graph based on a
description of the motion.
C) I can identify the slope of a velocity vs. time graph as the
acceleration, the rate of change of velocity. I can identify m/s2
as the units for acceleration.
D) I can plot an acceleration vs. time graph of an object,
given a description of its motion.
E) I can represent the movement of an object with a motion
map with velocity and acceleration arrows.
F) I can move easily between different representations of nonuniform motion.

02.02 Applying Equations
and Graphs to Make
Predictions about an
Object in Non-Uniform
Motion.

A) I can use the equations and graphs for non-uniform motion
to make predictions such as calculating displacement, time,
initial, final or average velocity of an object in motion?

02.03 Gravity

A) I can identify gravity as a force between two objects that
have mass (i.e. Earth pulls on a ball.)

B) How can we solve more complicated problems involving
two objects either moving towards or away from each other?

B) I can experimentally determine the acceleration due to
gravity of the earth.
C) I know and demonstrate that objects in free fall accelerate
at the same rate.	
  

Lab Targets
1.

Questioning, Planning and Carrying out an Investigation

2.

Measuring, Calculating and Analyzing Data.

3.

Developing and Using a Model to Construct an Explanation

4.

Communicating Information: Argument from Evidence

Stage 2: Assessment Evidence
Performance Task(s):

1.
2.
3.
	
   4.

Non-uniform Motion Lab
Practicum: Where and when does an accelerating cart catch up to a buggy traveling at a constant velocity?
Acceleration due to gravity Activity
Reaction Time Lab
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Other Evidence:

1.
2.
	
  3.

Whiteboard presentations of problems/questions
Quizzes
Tests

Stage 3: Learning Plan
1. Observing non-uniform motion of cart on a ramp. The need for a new model for non-uniform motion.
2. Non-Uniform Motion Lab.
3. Mathematical Model for non-uniform motion. Equations. (notes)
4. Observing non-uniform motion using Motion Sensors.
5. Graphical Model for non-uniform motion (position vs time and velocity vs time graph.)
6. WS 3.1 Graphical and Mathematical Representations for non-uniform motion.
7. WS 3.2 Stacks of Kinematics Graphs
8. Video Analysis of a freefalling object. Determining the Acceleration due to Gravity.
9. WS 3.3 – 3.3A Non-Uniform Motion problems
10. Determining Reaction Time Activity
11. WS 3.4 and 3.5
12. Problem Solving. (notes)
13. WS 3.6 Non-Uniform Motion problems
14. WS 3.7 More Problems

Selected Samples of Work
Model Development: Non-Uniform Motion Lab. Students identify the variables they want to
study, design their experiment, collect data, plot graphs and analyze their results. After extensive
class discussion, consensus is reached. At this point, students have a graphical and mathematical
model that describes non-uniform motion.
21	
  
	
  

Running	
  Head:	
  How	
  Can	
  Modeling	
  Instruction	
  I mprove	
  Physics	
  and	
  Chemistry	
  Instruction?	
  
	
  

Model Deployment: Whiteboarding Non-Uniform Motion Problems. Students take their nonuniform motion model, solve problems, present and defend their solutions to their peers.
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Model Deployment: Lab Practicum: Using the model for non-uniform motion to make
predictions. Where and when does an accelerating cart catch a uniformly moving buggy?
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Example 2: Unit 7 - Chemical Reactions: Particles and Energy
Understanding(s)
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Chemical reactions involve the rearrangement of atoms in molecules to form new molecules. We represent this symbolically with
balanced chemical equations. Energy is required to break reactant chemical bonds and is released when forming new bonds in the
product.
Learning Target: Unit 7
C07.01 Chemical Changes.

A) I understand that a chemical reaction involves the
formation of new substances we call products from older
substances that are called reactants. In a chemical change
the products have different properties than reactants.

C07.02 Representing
Chemical Changes
Chemical Equations.

A) I can describe and use models to show that a chemical
reaction is a rearrangement of atoms to form new
substances with new properties.
B) I can represent what happens in a chemical reaction with
a chemical equation, which includes chemical formulas and
state symbols.
C) I can inventory each element in an equation. I
understand that changing coefficients brings the number of
atoms of each element into balance in the reactants and
products. I understand that a balanced chemical equation is
a result of the law of conservation of mass.
D) I can classify chemical equations as synthesis,
decomposition, single-displacement, double-displacement
or combustion reactions.

C07.05 Energy Transfer
During Chemical
Reactions.

A) I can recognize endothermic and exothermic reactions
as an absorption or release of energy from/to the
surroundings.
B) I can represent energy transfer in endothermic and
exothermic reactions using energy bar charts.

Lab Targets
1.

Questioning, Planning and Carrying out an Investigation

2.

Measuring, Calculating and Analyzing Data.

3.

Developing and Using a Model to Construct an Explanation

4.

Communicating Information: Argument from Evidence
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Stage 2 – Assessment Evidence
Performance Task(s):
1.
2.
3.

Other Evidence:

Chemical Vs. Physical Changes Activity
The Nail (Copper Nitrate and iron) Lab
Chemical Changes and Equations Activity

3.
4.

Whiteboard presentations of problems/questions
Quizzes and Tests

Stage 3 – Learning Plan
1. How Do We Know a Chemical Change Has Taken Place? Activity
2. Chemical Changes vs Physical Changes.
3. Nail Lab: Reacting iron with copper (II) chloride.
4. Chemical reactions/ Chemical Equations. Molecular Model Activity.
5. Balancing Equations to Show Conservation of Matter. Chemical Inventory.
6. WS 0 Chemical Equations: Particle Representations.
7. Identifying Types of Equations: Synthesis, Decomposition, Single and Double Displacement Reactions.
8 WS 1 Balancing and “Typing” Equations
9. WS 2 – 3 Balancing Word Equations
10. Energy and Chemical Reactions. LOL Energy Bar Charts.
11. WS 4 Representing Chemical Potential Energy in Change.

Selected Samples of Work
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Model Development Part 1: Students observe a chemical reaction between copper chloride and
iron that produces copper and iron chloride. They determine the amount of iron consumed and
the amount of copper produced. From this information, they can calculate the number of moles
of each which helps them experimentally balance the equation Fe + CuCl2  Cu + FeCl2
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Model Development Part 2: Students use molecular models to observe chemical reactions at the “molecular” level.
They balance the equation by insuring there are no atoms gained or lost in the reaction.
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Model Deployment: Students use chemical inventories to make their thinking visible when they balance chemical
equations.

29	
  
	
  

Running	
  Head:	
  How	
  Can	
  Modeling	
  Instruction	
  I mprove	
  Physics	
  and	
  Chemistry	
  Instruction?	
  
	
  
School Profile: Bellows Free Academy at Fairfax
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