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Abstract

For nearly a decade we have taught the history and philosophy of science as part of courses 

aimed at the professional development of physics teachers. The focus of the history of science 

instruction is on the stages in the development of the concepts and theories of physics. For this 

instruction, we designed activities to help the teachers organize their understanding of this 

historical development. The activities include scientific modeling using archaic theories. We 

conducted surveys to gauge the impact on the teachers of including the conceptual history of 

physics in the professional development courses. The teachers report greater confidence in their 

knowledge of the history of physics; that they reflect on this history for their teaching; and, that 

they use of the history of physics for their classroom instruction. In this paper, we provide 

examples of our activities, the rationale for their design, and discuss the outcomes for the 

teachers of the instruction.
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1. Introduction

For nearly a decade, we have taught the history and philosophy of fundamental concepts of 

physics as part of courses aimed at the professional development (PD) of physics teachers. For 

this, we developed pedagogical methods that are consistent with the practices of physics teachers

and with practices recommended for the teaching of science (Lawson et al. 2002; NRC 2012). 

The practices rely on original and secondary source readings, worksheets for comparing and 

contrasting historical conceptions, and classroom discussion with the instructor introducing the 

historical context and providing explication and facilitation during the discussions. The methods 

developed for inclusion of history and philosophy of science (HPS) differ from a case study 

approach by emphasizing comparison of the different theories, and the use of exercises in which 

the participants use the archaic theories to develop models to explain physical phenomena. 

As a professional development intervention, these courses provided an opportunity to study 

the impact of instruction in the conceptual history of physics on teachers’ use of history for 

instruction. The research questions related to the inclusion of HPS instruction we studied were:

 Did teachers’ confidence in their knowledge of the history of physics increase?

 Did the teachers reflect on the history of physics as part of their professional activity?

 Did the teachers use the history of physics to understand student learning? 

 Did the teachers use the history of physics as part of their own classroom instruction?

The opportunity to teach these courses arose in 2004 when the Boston Public School (BPS) 

system adopted a Physics First science curriculum (Lederman 2001) and the United States 

Federal Government imposed new standards for teachers to be considered qualified to teach in 

their assigned content areas. At the time, many of the physics teachers in the BPS were not 

licensed to teach physics. The result was a perceived need in Boston for professional 

development to increase the number of teachers licensed in physics. The courses we designed 

were offered to satisfy this need. 

The courses are taken by (1) teachers teaching physics outside of their content field who 

need to earn the license to teach physics, (2) physics teachers who need graduate credit to 
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maintain their teaching license, and (3) physics teachers seeking to deepen their pedagogical 

content knowledge. The curriculum for each course is divided between physics content, readings 

from the physics education research literature, and readings from the conceptual history of 

physics. This combination of material elevates the courses to graduate course level status in the 

College of Arts and Science, and so recognized by the State for licensure purposes as science 

content courses. Development and presentation of the courses was in-part funded as the project 

Improving the Teaching of Physics (ITOP) under a grant from the Improving Teacher Quality 

Program from the State of Massachusetts Department of Higher Education.

The content of the courses was developed by instructors with expertise in teaching 

introductory college level physics (A. Duffy, author) a science educator with a physics research 

background (P. Garik, author) and a philosopher of science (L. Garbayo, author). Other authors 

of this paper who contributed to course development have a similar range of expertise (Y. 

Benétreau-Dupin in the history and philosophy of science, and N. Gross and M. Jariwala in 

physics and history of physics instruction). The examples of instruction that are used in this 

article are from classes led by N. Gross and Y. Benétreau-Dupin. 

In what follows we describe the pedagogical materials and methods developed for teaching 

the conceptual history and philosophy of physics as part of the PD for physics teacher, and what 

we learned in response to surveys conducted to answer our research questions. The sections that 

follow: 

 provide the rationale and context for the use of the conceptual history of physics in the 

ITOP courses;

 describe the course pedagogy and exercises designed to support learning of the 

conceptual history of physics; and,

 address the research questions of the impact of including the conceptual history of 

physics on the teachers’ use of the history of physics.
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2. Rationale for including HPS in the ITOP professional development courses

2.1 Context

In Science for All Americans two key reasons are cited for teaching the history of science for

science education (AAAS 1990, p. 145). The first is to provide examples of how science 

develops. The rationale given is that discussions about how scientific research is conducted 

needs to be grounded in historical fact. The second reason relates to the historical impact of 

science on our cultural heritage. Allchin (2014) unifies these aspects of the history of science as 

a means for students to achieve the scientific literacy that citizens need to address contemporary 

socioscientific issues. 

In keeping with such broad objectives, a spectrum of methods has been adopted by the HPS 

community to teach science and the nature of science through its history. Case histories have 

been developed that provide instruction in the sociology, history, and philosophy of science, and 

also emphasize the human character of scientific inquiry. In other instances, historical accounts 

and reenactments of historical experiments emphasize for students the sources and evolution of 

modern scientific theories8. Generally speaking, over the past two decades evaluations of 

curricula that either include or rely upon HPS have shown improved student understanding of 

science, attitudes towards science, or the nature of science depending on the project9. Some of 

the most extensive studies were conducted on the earlier curricula that emphasized the history of 

science, such as Project Physics (Rutherford, Holton & Watson, 1981) and Case Studies in the 

History of Science (Klopfer 1969). These projects showed significant attitudinal gains among 

students (Ahlgren & Walberg 1973; Klopfer & Cooley 1963; Welch & Walberg 1972) with no 

loss in content learning (Holton 2003, 2014; Welch 1973). Matthews (1994) provides a review of

the history of efforts to include the history of science in science education. 

In the ITOP courses, the study of the history of science is used to provide teachers with 

insight into the evolution of the ontological and epistemological dimensions of scientific theory, 

8For example, Allchin (2011, 2013), Clough (2011), Conant & Nash (1957), Fowler (2003), Klopfer (1969), Stinner
et al. (2003).
9For example, Clough, Herman & Smith (2010), Galili & Hazan (2000), HIPST (2013), Matthews (1994), Morse 
(2004), Rudge & Howe (2009), Seroglou, Koumaras & Tselfes (1998). 
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the role of the scientific community, and the nature of scientific modeling. Here we extend the 

AAAS recommendation that teaching the history of science is necessary to provide concrete 

examples of how science changes with time. In the ITOP courses we focus on  reasoning about 

and with archaic scientific models to provide examples of why and how scientists adopt new 

models. In this our instruction is influenced by the history of scientific thought presented by 

Thomas Kuhn (1970) in The Structure of Scientific Revolutions and the work of Toulmin and 

Goodfield (1961, 1962, 1965). The historical discussions presented in the ITOP courses are 

further informed by a semantic approach to scientific theories, which is interested in the 

epistemic and metaphysical components of scientific reasoning, and in the characterization of 

models (Suppe 1967; Suppes 1977; Van Fraasen 1980). 

The history of physics presented in the ITOP courses emphasizes the conceptual history of 

physics (CHOP). For the most part, the personal lives of the scientists and socioscientific issues 

are only addressed in passing. Course readings are selected to follow the conceptual development

of theories of dynamics, gravity, thermodynamics, electrostatics, electricity, light, 

electromagnetism, and atomic theory. 

Including the CHOP in physics education follows a tradition established by other science 

educators10. Many of the curriculum examples produced by the History and Philosophy in 

Science Teaching (HIPST 2013) project also emphasize using the CHOP in support of learning 

physics concepts. There are parallels between our course for physics teachers and the courses 

offered by M. Niaz (2009) for chemistry teachers. The use of the CHOP for teaching optics in 

the classroom has been reported to improve content learning and attitudinal gains for physics 

learning (Galili & Hazan 2000, 2001).

Through the CHOP exercises, and the discussions that accompany them, nature of science 

issues are addressed in the ITOP classes. These include the domain-general characteristics of 

science identified in the science education research literature (Abd-El-Khalick 2012; Lederman 

10For example, Arons (1965), College of the University of Chicago (1949, 1950), Conant & Nash (1957), Hobson 
(2003), Holton (1952), Holton (2003), Holton & Brush (1985), Holton & Roller (1958), and Rutherford, Holton, & 
Brush (1981).

5/34



et al. 2002), and the practices of science that have now risen to the forefront with a naturalistic 

philosophy of science (Duschl & Grandy 2012). Broadly speaking, the exercises in modeling, 

based on the concepts held at earlier historical stages, coupled with the contemporary empirical 

findings, offer teachers in the ITOP courses insights into what it means to reason scientifically. 

The intent parallels that described by Etkina (2010) for a course for pre-service teachers on the 

development of ideas in physics, 

2.2 Modeling and the Conceptual History of Physics

An objective of the immersion in the CHOP in the ITOP courses is to engage the teacher 

participants in a reflection about the nature and role of modeling in science. The National 

Science Education Standards (NRC 1996), Science for All Americans (AAAS 1990), and the 

more current Framework for K-12 Science Education (NRC 2011) all emphasize the need for 

instruction to engage students in activities that develop their understanding of scientific models. 

The term “model” is used in many contexts in science and education. In the Framework it is used

as a primitive concept without a clear definition. Within the philosophy of science, the term 

“model” covers a wide range of meanings and applications (Frigg & Hartmann 2006). Our use of

the term matches colloquial usage within the scientific community in physics where a model is 

commonly considered “a cognitive tool situated between experiments and theories” (Duschl & 

Grandy 2012). This working definition aligns well with the conceptual models described in 

Science for All Americans (p. 170). For further elucidation of what is meant by a model in 

science, we rely on Nancy Nersessian’s characterization that “A model can loosely be 

characterized as a representation of a system with interactive parts with representations of those 

interactions. Models can be qualitative, quantitative, and/or simulative (mental, physical, 

computational)” (Nersessian 2008, p. 63). We take it that the purpose of a model as a cognitive 

tool is to generate theory-based explanations and to make fruitful predictions for experiments.

The science education objective is for students to develop the ability to appeal to theory (or 

theories) to create models to interpret evidence, to recognize the limitations of a model, to use 
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models to make predictions, and to be able to evaluate and, if necessary, modify a model (or 

selected theories) if the model predictions are not realized. This is in keeping with the 

Framework objective that “argumentation and analysis include appraisal of data quality, 

modeling of theories, development of new testable questions from those models, and 

modification of theories and models as evidence indicates they are needed” (NRC 2012, p. 27).

Examples of historical modeling activities used in the ITOP courses for the CHOP exercises 

include reasoning with models of mechanics as deduced from the theories of Aristotle, the 

Scholastics (e.g., Buridan), Galileo, and Newton; and, models of heat transfer that follow from 

the theories of Aristotle, the Experimenters (Wiser & Carey 1983), Lavoisier and the caloric 

theory, and Maxwell’s kinetic theory. 

The rationale for course participants to develop models based on multiple historical theories 

to explain phenomena has several supports.

1. In terms of better understanding content, reasoning with archaic theories and models can 

provide participants with an improved understanding of the structure of scientific models

and, through contrast, a reinforcement of the rationale for the current theory (Halloun 

2007; Matthews 1994).

2. Reasoning with archaic theories and their models is a way to better understand aspects of

the nature of science, including its tentativeness, empirical base, and the imagination and 

creativity of the scientists engaged in the critical experiments or theory development at 

each stage. These aspects of theory development and model creation emphasize the 

practices of science while bringing to the fore domain-general aspects of science (Abd-

El-Khalick 2012; Lederman, Abd-El-Khalick, Bell, & Schwartz 2002).

3. By working with past theories, and putting themselves in the shoes of the earlier 

scientists, our teacher participants may better understand the personal investment of 

scientists in experiment selection and data interpretation. 

4. Engaging teachers in the use of historical scientific theories challenges them to 

think more deeply about the conceptual underpinnings of theories and the models for 

7/34



phenomena that follow. Study of earlier theories and resultant models further provides 

teachers with insights into what their students must do to accommodate the current 

scientific model, as well as insights into the commonsense models to which students 

intuitively adhere11. This connection between historical conceptions and present-day 

students’ conceptions is so compelling that it was a basis for a conceptual change theory 

for teaching and learning12. 

3. Pedagogical approach adopted for ITOP courses

3.1 Classroom Pedagogy

The ITOP courses focus on the teachers as adult learners of content and, implicitly, 

pedagogical methods. As practicing teachers, the participants are expected to know how to write 

lesson plans and employ appropriate pedagogical methods for classroom instruction. Since 

teachers teach as they are taught (Desimone et al. 2002), and the ultimate objective for the 

instructors is to improve the learning of ITOP teachers’ students, the pedagogy for the ITOP 

courses needs to be transferable to the physics classroom. The teachers were used to courses 

which emphasize problem-solving through the application of concepts and formulas. 

Consequently they were not prepared to teach using history, or to design lesson plans that 

emphasize the philosophy of science.

As outlined in Taking Science to School (NRC 2007), and recommended in the Framework 

for K-12 Science Education (NRC 2012), good science pedagogy requires multiple instructional 

strategies such as “teacher talk and questioning, or teacher-led activities, or collaborative small-

group investigations, or student-led activities” (NRC 2012, p. 253). Through formative 

assessment, a blend of these strategies must be determined by the instructor (Moss & Brookhart 

2009). This approach is consistent with student-centered instruction of reform-based teaching 

11For example, Clement (1982); Driver, Squires, Rushworth, & Wood-Robinson (1994), Halloun & Hestenes 
(1985), and Wandersee (1986);.
12For example, Carey (2009), Nersessian (1992, 2008), Posner, Strike, Hewson & Gertzog (1982), and Strike & 
Posner (1992). 
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that places an emphasis on interactive classroom discourse between the teacher and students and 

between students (Adamson et al. 2003; Hake 1998; Lawson et al. 2002; NRC 1996, 1999). 

Specifically, reformed teaching values the student-centered classroom (AAAS 1990, Chapter

13; NRC 1996, pp. 32-36; Sawada et al. 2002) in which the students construct their knowledge 

from assignments and presentations by the instructor, coupled with active discourse by students 

in small groups, whole class discussions, and discussions with the instructor (Michael 2006). 

Reform-based teaching and the recommended practices in the Framework avoid the pitfall of 

relying on direct instruction that does not engage students, as well as the pitfall  of expecting 

students to construct their understanding solely through their own efforts or peer negotiation 

(Kirschner, Sweller & Clark 2006; Matthews 2002).

With the above in mind, instruction in the ITOP courses is intended to model for the teacher 

participants good classroom practice as described in the Framework. After an assigned reading, 

the typical in-class instruction in physics content in an ITOP course consists of a presentation of 

the new material by the instructor, discussion of sample problems, group work in informal 

cooperative groups (Johnson & Johnson 1999) with the instructor facilitating groups as need 

arises, and finally a wrap-up discussion with the students led by the instructor. 

The structure of the online sessions is similar to those of the face-to-face sessions, albeit 

shorter since the students do not perform experiments. The online session includes activities, 

moderated by the instructor, such as discussion of physics homework problems, and the CHOP 

modeling and analysis exercises discussed in the next section.

Because of the range of material covered in the ITOP courses, physics content, physics 

education research, and the CHOP, at the outset, the courses were team taught by a physicist and 

a philosophy of science graduate student with the CHOP exercises led by the philosopher. While 

this team teaching is preferred, with time the physicist instructors have become comfortable 

teaching the CHOP as well. 
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3.2 Activities to organize the CHOP knowledge

The challenge for the ITOP instructors for teaching the CHOP was to create a learning 

environment aligned with the practices described above; maintaining consistency with the 

teachers’ standard practice of basing their lessons on problem sets and worksheets; and, engaging

the teachers in activities which would help them organize the new knowledge in their readings, 

recognize patterns in this knowledge, and give meaning to this knowledge (NRC 1999). 

Specifically, for historical stages in the development of a branch of physics, the objective was 

that the teachers would be aware of the theory, models, and functioning of the contemporary 

scientific community.

We structured our approach around the epistemic forms and games described by Collins and 

Ferguson (1993). Epistemic forms are target structures for organizing knowledge. Examples of 

epistemic forms include lists, tables, matrices, flow charts, and tree structures (like a tournament 

bracket). The epistemic game then is to enter what is known into the form subject to constraining

rules. This terminology adopted by Collins and Ferguson, and used here as well to discuss 

productive cognitive methods for organizing knowledge, is distinct from, and not derived from, 

epistemic treatments of the game theory familiar to philosophers, economists, and psychologists 

(Ross 2012).

Finding patterns in the history of science, and understanding the sources of the models that 

followed from early theory, are complex activities. With our learning objectives defined in terms 

of specific aspects of historical theories that we wanted the students to compare and contrast, we 

reverse engineered the lesson plan and designed the epistemic activity to fit the learning 

objectives of the class (Wiggins & McTighe 2005). In many cases this led us to choose a matrix 

as the epistemic form. The learning objectives were then assigned to the columns and rows, and 

the epistemic game was to complete the cells according to the headings.

3.2.1 An example from dynamics

As an example, in Figure 1 the epistemic form is a matrix in which each column is an 

historical stage of conceptual development, and each row is an attribute of the stage’s scientific 
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theory. Identifying the different stages is an epistemic game itself (the stage game as defined by 

Collins and Ferguson) that results in a list, as is the game of identifying the attributes of scientific

conception and the science community. In the design of the activities, the instructors constrained 

the epistemic game by creating the list of stages and attributes assigned to the form. By 

construction, the epistemic form served as a compare-and-contrast game with specific attributes 

of the stages of historical development in the same row. Through completion of the cells of the 

matrix, and comparing and contrasting the cell entries, the important patterns and aspects of the 

development of scientific theory and models could emerge through peer-to-peer discourse, 

discourse with the instructor, and whole class discussion.

For the specific case illustrated in Figure 1, the challenge was to contrast different models of 

dynamics. The exercise was conducted in class after assigned readings. For Aristotle and the 

Scholastics, selections were assigned from The Fabric of the Heavens (Toulmin & Goodfield 

1961, pp. 90-105, 210-227); for Galileo, the selections were the discussion of uniform and 

accelerated motion from Dialogues Concerning Two New Sciences (Shamos 1987, pp. 13-30);, 

which are pages 190-192 and 197-214 of the original edition and, for Newton the selections were

the opening sections of the Principia titled "Definitions" and "Axioms and Laws" (Newton 1962,

pp. 1-13). The matrix of Figure 1 is completed in the first course in our sequence. Because it was

the first encounter with such a matrix, several cells were completed in advance for the 

participants to help them understand what was expected. 
As documented by multiple authors (Clement 1982; Halloun & Hestenes 1985), physics 

students appear to use intuitive models of dynamics akin to those of Aristotle or the 

Scholastics. Discussing the conceptual development of dynamics prepares the teacher 

participants for their readings from these physics education research (PER) articles. In turn, 

reading PER articles alerts the participants to the pedagogical utility of studying the CHOP 

materials. The readings in the CHOP may better prepare the teachers to recognize their own 

students’ alternative conceptions (Wandersee 1986).
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Aristotle The Scholastics
(e.g., Buridan, Oresme)

Galileo Newton

Description of 
Kinematics
[Describing an object in 
motion]

Natural Change vs. Violent 
Change
Observed that Celestial motion is
circular and terrestrial is linear
Distance proportional to speed

Concepts of time, distance, 
speed, and acceleration. 
Circular motion natural. 
Acceleration is change of 
speed with respect to 
distance. 

Acceleration is key; things 
fall at constant acceleration; 
every motion is circular;
things can move without 
stopping

Introduced velocity rather 
than speed.  Change in 
direction requires an 
acceleration:
Vectors

Description of Dynamics
[Why is an object in 
motion: Involves forces]

Effectively F=mv. 
Natural positions for elements 
results in their motion. Objects 
move with applied force. Motion
of unpowered projectiles is 
poorly explained.

God initiated motion
** Impetus keeps things 
going: degrades over time 
due to outside forces

Balancing forces in statics;
Acceleration as adding 
speed?
“Why” doesn’t matter! 

Laws of Motion

Use of Mathematics Proportionality for like quantities
No mixed units
Not very useful

Logic Choppers to interpret 
Aristotle 
Define new quantities mixing
units. 
[Graphical/geometrical 
Representation]

Proportionality arguments 
and graphical 
representations using 
Euclidean geometric 
arguments. Idealizes physical
observations to fit 
mathematical results.

Integral Calculus 

Source of Supporting 
Empirical Data

Observed the world around him. 
The natural world

Aristotle’s observations Compiled previous works 
with experiments 

Kepler’s observations and 
Laws. Galileo’s data.

Texts Physics Journals; not collected in one 
place

Dialogs Principia: logical proof

Evolution or Revolution: 
Reasons for New 
Descriptions and Models

** Evolution – compared to what
was going on around him; 
compiled previous knowledge 
[Revolution against Plato]

Inconsistencies and 
incompleteness in 
Aristotelian description of 
motion and dynamics.

Revolution:
used time as the independent 
variable;
Revolted against previous 
scholars

** Revolution – introduces 
new mathematics to explain 
motion; logical proof for 
dynamics
Evolution from Galilean ideas

Fig. 1 Kinematics and Dynamics Matrix. Legend: Bold for headings. Italics for initial entries prior to student work. ** indicates significant 

discussion. [] indicates instructor’s contribution.



3.2.2 Reasoning with archaic theories

In the third course in our sequence, “Fluids and Thermodynamics”, participants learn about 

four different scientific models for heat, and its effect on materials. The participants read Wiser 

and Carey’s (1983) discussion of a 17th century model for the transmission of cold developed by 

a community of researchers referred to as the Experimenters; a selection from Toulmin and 

Goodfield (1962) on caloric theory; and, a selection from Maxwell (1996) on physical kinetics. 

To these readings, we added an in-class introduction to Aristotle’s four qualities of matter. 

Participants were familiar with Aristotle’s elements from their previous mechanics class 

(Toulmin & Goodfield 1961). 

Figure 2 is an instantiation of the epistemic game that we conducted with the students to 

relate these readings. It requires them to reason with the archaic theories, and contrast the 

reasoning with our contemporary understanding. In this case, the students were asked to explain 

how the boiling of water would be explained using the different historical theories. 

We challenge the students with a similar modeling exercise in the course on dynamics where

we ask students to use the dynamical theories of Aristotle, Galileo, and Newton to explain why 

and how something thrown into the air continues to move. Such modeling exercises contrasting 

historical conceptual stages are possible in many of the fields of physics. 

Another example of reasoning with an archaic theory arises in our first course on electricity 

(fourth in our sequence). The teachers read articles by Gray (1731) and Du Fay (1733) to 

establish the experimental difficulties confronting early researchers of electricity.13 We then read 

selections from Franklin’s writings (Cohen 1941; Morse 2004). Following Morse (2004), the 

teacher participants assemble a Leyden jar, and explain its behavior using Franklin’s original 

theory. This exercise provides students with an insight into the subtle contrast in the use of 

language as used by Franklin, for whom “positive” and “negative” refer to excess and deficit of 

electrical fluid as opposed to charge, and contemporary meanings of the same terms (Kuhn 

1970).

13 This selection of readings is similar to the case history approach provided at the History and Philosophy in 
Science Teaching website (HIPST 2013; Höttecke, Henke, & Reiss 2012).
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3.2.3 Concept mapping as an epistemic game

Our epistemic games extend further to the use of concept mapping. An example of this use is

shown in Figure 3. The second course in our sequence focuses on gravity and rotational motion. 

For contrasting models of gravity as presented by Aristotle, Descartes, and Newton the 

participants were asked to make concept maps (Novak & Gowin 1984). A participant in an early 

cohort asked if he could do the Einsteinian theory of gravity. Although this went beyond the 

material of the course, we agreed and provided a reading (Wolfson 2003). We have continued 

this practice ever since.

The concept maps on Aristotle’s (Figure 3A) and Descartes’ (Figure 3B) views of gravity 

were produced by individual students. The concept maps on Newtonian (Figure 3C) and 

Einsteinian (Figure 3D) gravity were each produced by a threesome of students. After 

completing their concept maps, the teachers engaged in a stage game of comparing and 

contrasting the maps. In this case, the contrasting of theories serves for a discussion of the nature

of fields, mechanistic cosmological models, and action at a distance. (While the degree of detail 

displayed in the maps is in-part due to the investment of the students, the complexity of the 

concept map for Descartes’ theory of gravity, as compared to the other theories, is a fair 

reflection of the fact that this mechanical theory of gravity requires intricate reasoning.)
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Aristotle Experimenters Caloric Theory (Lavoisier) Physical Kinetics (Maxwell)

What are the fundamental 
qualities involved?

- 4 elements: air, fire, earth, 
water (plus ether)
- 4 qualities: hot, cold, wet, 
dry

Hot and cold particles that 
have a force

Fluid that carries heat and 
energy with it: caloric.
Type of matter, but massless.

Massive molecules have 
speeds →  kinetic energy (= 
temperature)

What data were collected by 
the researchers?

Ratios of qualities & 
quantities

Measured expansion of 
bodies, phase change

Measure of mass, temperature,
expansion of bodies

Pressure, mass, volume, 
temperature

What is conserved? Things tend to go to rest / 
equilibrium (natural state)

Not a problem for them Matter Energy and mass

What was the cause of the 
change in state or 
temperature?

Addition of elements with 
different qualities (by violent 
change)

Force applied by hot / cold 
particles

Movement of caloric from hot 
to cold bodies

Change in particles’ speed

What experimental evidence
supports this theory?

Immediate observation Expansion experiments with 
large reservoir sources

Explains thermal equilibrium Boyle’s law, Joule’s 
mechanical equivalence of 
heat

Can you pose an experiment 
that falsifies the theory?

Exothermic reaction 2 masses w/ diff temp. come 
to thermal equilibrium.

Increase in pressure → 
increase in temp with no 
change in ‘caloric’

No absolute zero

Fig. 2 Models of Heat. Participants were asked the question: “Using the different models of hot and cold that we have encountered, explain how each 

would be applied to explain the boiling of water?” The cell contents shown were the product of whole class discussion with the exception of the first cell 

where the italicized content was provided at the outset.



Fig. 3 Concepts Maps of Theories of Gravity. The concept maps shown here were generated by students working either singly or in groups 

as part of the course that covered the theory of gravity.



3.2.4 Use of case histories in the ITOP courses

In addition to epistemic games, case histories are used in the ITOP courses to initiate 

discussion of the nature of scientific knowledge and practices. The use of case histories for 

instruction about science dates back at least to James Conant’s post-Manhattan Project concern 

that the lay public needed to better understand the nature of scientific inquiry (Conant 1947; 

Conant & Nash 1957). This case history approach has since evolved to include introductory 

physics texts that embed historical accounts for motivation and context (Hobson 2003; Holton 

1952; Holton & Brush 1985; Holton & Roller1958; Rutherford, Holton, & Watson 1981), a 

“whole science” curriculum (Allchin 2011, 2013) with many cases emphasizing socioscientific 

issues, and accounts of scientific discoveries (Clough 2011).

Because the ITOP courses focus on science content, we do not discuss socioscientific issues 

but restrict our use of case histories to discussions of the CHOP. In our course on Waves and 

Geometrical Optics, the teacher participants read selections from Galileo’s Two New Sciences 

about resonance and pendulums. They are challenged on Galileo’s claims about pendulum 

motion and, after discussion, read Matthews’ (1994) on Galileo’s use of idealization. In our 

quantum physics course, the teacher participants read portions of Holton’s (1978a, b) treatment 

of the scientific rivalry between Ehrenhaft and Millikan on the determination of the electron’s 

charge. This is an oft-cited example of how scientific research is conducted, and how the 

scientific community responds to apparently contradictory research reports (Allchin 1992; 

Matthews 1994; Niaz 2000; Paraskevopoulou & Koliopoulos 2011).

In other classes we use CHOP materials to stimulate inquiry and discussion through the 

reenactment of crucial scientific experiments. For example, we examine Galileo’s marble on a 

ramp experiment from which he found that there is uniform vertical acceleration for an object 

near the surface of the Earth. For this instruction, we use an interactive classroom exercise with a

water clock similar to that described by Fowler (2003).
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3.2.5 Conducting a class with an epistemic game

Leading a class through an epistemic exercise requires significant give and take between the 

instructor and students, and between the students themselves. The students are expected to have 

completed assigned readings, and the instructor will have presented to the students on the context

of the readings with explanations of confusing terms in prior classes or in the online sessions. 

Subsequent to this instructor led presentation and discussion, the epistemic exercise is distributed

and the students form groups to work on the exercise. As an example of how the class runs at this

point, we recount how the class worked on the compare-and-contrast exercise for modeling with 

different theories of heat in Figure 2.

All but the first cell of the matrix was completed in class by the students. The first cell was 

provided as a finished example to guide completion of the other cells. Eventually, the first 

column was completed through whole class discussion. Each of the other three models (the 

Experimenters’ theory, the caloric theory, and the physical kinetic theory of Maxwell) was 

assigned to a group of two or three students. It was the responsibility of each group to report 

back to the class on how to reason with their assigned model to answer the questions posed for 

each column. 

At first, the groups had difficulty answering the questions to fill out their assigned cells in 

the matrix. Moving around the classroom from group to group, the instructor suggested to each 

group that they first complete cells for which they felt they knew the answer. In most cases, the 

groups returned to their readings for answers. Some groups divided up the work between a reader

and a summarizer; in other groups, all read the text and recorded answers. This process took 

about half an hour.

When the groups were finished, the instructor projected the blank matrix for the class to 

view. Working cell by cell, the projected matrix was filled in by the instructor based on 

suggested responses from each of the groups, and whole class discussion of suggested responses.

The column on Aristotle was completed first, based on participants’ understanding of 

Aristotelian physics from previous classes, and discussions with the instructor’s facilitation. The 
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rest of the matrix was then completed a column at a time, going from top to bottom, with the 

instructor first querying the group assigned to the column for their answer. At each cell, the class

was asked whether it constituted an important change from the corresponding cell in the prior 

adjacent column. When disagreements arose (e.g., about whether or not Lavoisier’s caloric has a 

mass), precise passages from the texts were consulted. Completing the matrix took about another

half hour. As facilitator, the instructor was the final arbiter in the wording of each cell’s content.

3.2.6 Follow-up to a class epistemic exercise

Two months later, the matrix in Figure 2 was revisited with the participants. They were 

asked about how they had completed the table. After briefly responding to this question, the 

participants chose to discuss its relevance instead. They said that a compare-and-contrast 

exercise is very useful for them to better understand the historical evolution of scientific 

understanding. They reported that it adds interest to the reading of the texts; without this 

comparison, the series of texts appear unconnected. The difficulty in the interpretation of the 

language used in primary sources makes their effective use hard in a physics class. Yet, this 

matrix exercise seems to clarify the interpretation of such language for the students. 

More generally, several participants volunteered that studying physics through its 

conceptual development helped them better identify sources of misconceptions their students 

may have. For example, one teacher related that when her students thought of cold and heat as 

two distinct substances, the teacher was able to clearly discern the misconception, and tell the 

students that “there once was a whole school of thought that held the same view.” Instead of 

bluntly telling the students that they were wrong, the teacher was able to lay out counter-

examples. Among the session’s participants, there was a strong consensus regarding the value of 

the CHOP in helping them identify how students were reasoning.

We have documented discussions similar to the one above as happening repeatedly in the 

offerings of the different courses over the years. 
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4. Research on the impact of the CHOP instruction on teachers and their pedagogy

A study of the ITOP courses as a professional development intervention must take into 

account the large number of variables affecting the potential classroom impact of the courses. 

The breadth of the material covered, the uncontrolled backgrounds of the participants, and the 

differing demographics of their schools all are confounding for attempts to measure the courses’ 

impact. Teacher participants came from both high need districts surrounding Boston, and from 

schools in high performing suburbs; the attendees were self-selected – they came voluntarily 

albeit in many cases in search of courses necessary for licensure; backgrounds of  teachers varied

from no formal science education, to engineering backgrounds, to science other than physics, to 

possession of a physics major; and, the number of ITOP courses taken, and the order taken, 

varied among the teachers according to their schedules and demands of their work. Moreover, 

because of school emphasis on standardized exams, direct assessment of the impact of improving

the teachers’ understanding of the CHOP on their students is impractical. Even if student 

performance on these exams were available, disaggregating the effect of the CHOP on students’ 

performance would be very difficult since standardized exams test almost strictly on physics 

content and provide little direct evidence to measure the impact of learning the CHOP.

In this context, the study here is intended to distinguish the impact of the inclusion of the 

HPS instruction from the other materials included in the ITOP courses, and answer the questions:

1. Does instruction in the CHOP increase teachers’ confidence in their own knowledge of 

the historical development of physics concepts?

2. Do teachers introduced to the conceptual history of physics subsequently reflect on it as 

part of their professional activities?

3. Do teachers familiar with the conceptual history of physics use their understanding to 

better understand their students’ learning?

4. Do teachers who receive instruction in physics content integrated with the CHOP 

exercises in turn use the history of physics in their own classroom instruction?
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In what follows these research questions are addressed through a triangulation of data 

sources: (1) Likert scale retrospective surveys, (2) participants’ free responses on use of the 

history of physics in their classrooms, and (3) a summary of ten case histories developed through

classroom observations and interviews to assess the impact of the ITOP courses’ CHOP 

instruction on their lesson plans and pedagogical content knowledge (An Author et al. 2013a, b, 

c) are used.

4.1 Logistics of the professional development program

The full ITOP program consists of ten two-credit courses and covers the physics content of a

traditional three-semester sequence of undergraduate physics courses. The courses cover 

mechanics, fluids and thermodynamics, electricity and magnetism, waves, optics (geometric and 

physical), and modern physics (particles, quantum concepts, and special relativity). (Syllabi are 

available at http://physics.bu.edu/teachers.) Each course includes physics content instruction with

problem-solving, readings from the appropriate physics education research literature, and 

readings from the history of physics with discussion focused on the historical development of 

concepts. A course in the sequence is half a semester in length (seven weeks) with one in-class 

meeting per week (3 hours), and a one-hour online meeting each week. Five courses are offered 

each academic year; it takes two years to take all of the courses. Such an extended period for 

instruction is unusual in teacher professional development. The number of courses provides the 

instructors with the opportunity to return to the conceptual development of physics in multiple 

contexts. For the portion of the courses dedicated to this conceptual history of physics, 

participants read excerpts from original sources14 and secondary sources15.

14 Specifically, we use readings from the following: Aristotle (Bostock 1996), Archimedes (Heath 2002), Galileo 
(1638/2002), Huygens, Newton (1687/1934), Franklin (Cohen 1941), Faraday, Maxwell (1996), many now available
free on the web (e.g., Franklin (Morse, 2004), Galileo (1638/1914), Huygens (1690/2005), or in compilations such 
as Matthews (1989) and Shamos (1987).
15 Examples of secondary sources used are Holton (1978a, b), Matthews (1994), Rhodes (1986), and Toulmin & 
Goodfield (1961, 1962).
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4.2 Survey results

Over the course of several years, surveys were administered to teachers after they took the 

first five courses in our sequence of classes, and again after all ten had been offered. We teach 

five courses over an academic year, so these surveys were administered in the late spring in each 

year. Since not all respondents took all the courses, or took them sequentially, the number of 

courses taken, and therefore the respondents’ preparation, is uncontrolled. 

One part of the survey addressed participants’ understanding of the history of physics and 

their use of it as teachers. Specifically, we inquired about their knowledge of the (conceptual) 

history of physics, how often they thought about the history of physics, a question intended to 

probe the pedagogical role of this knowledge whether or not it had an explicit impact on their 

classrooms, and whether the history of physics in the ITOP courses had influenced their 

understanding of their students’ learning. The survey questions were framed retroactively; at the 

time of the survey the teachers were asked to rate how they thought of these items before taking 

the courses, and how they thought about them at the time of the survey. Because of the 

retroactive nature of the questions, the teachers’ survey responses are a measure of their 

perception of changes in their knowledge and behavior as a result of taking the courses. 

Referring to Figures 4 – 6, based on the teachers’ survey responses, there were high gains  in

(1) their knowledge of the history of physics; (2) the frequency with which they think about this 

history; and, (3) their use of the CHOP to assess their students. These questions address directly 

the first three research questions posed above. Although the survey data are self-reports, the 

consistency of the survey data with the classroom observations and the open responses lend 

credence to the Likert scale questions. As cited here, the responses are to the teachers’ use of the 

“history of physics”, not the “conceptual history of physics.” We have asked similar questions 

using the phrase “conceptual history of physics” and received similar responses (n = 45). Given 

the size of the samples, and the small likelihood that many of the respondents were been exposed

to another source of science history while taking the ITOP courses, it seems reasonable to 

assume that it is our courses that have produced this change.
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Fig. 4 Likert scale response to “Your knowledge of the history of physics” (n=74)

Fig. 5 Likert scale response to “The frequency with which I think about the history of physics” 
(n=74)

Fig. 6 Likert scale response to “You use the history of physics to better understand student 
learning” (n=75)
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4.3 Open-ended survey responses

In addition to the above questions, as part of this online survey we inquired: “If you have 

used the conceptual history of physics in your teaching, please give an example or examples of 

how you have done so.” This question was a later addition to our effects survey. As a result, the 

number of possible respondents to this question is smaller than in Figures 4 – 6. Of the 48 

respondents to the survey, 45 respondents said that they do make reference to the CHOP in their 

classrooms. Of the three who responded that they do not, one was not teaching, and another took 

only one ITOP course and the left the program. Of the 45 who said that they do use the CHOP, 

33 responded to this open-ended question and offered specific examples of this usage. From the 

responses we can identify 31 examples that almost certainly followed from our instruction, with 

the other responses perhaps reflecting prior knowledge of the respondent. Some respondents 

made reference to more than one example of the usage CHOP. Topics in mechanics were 

referred to 8 times, modern physics 9 times, electricity and magnetism 7 times, and 

thermodynamics once. Three of the respondents specifically wrote that they teach about the 

evolution of theories, and three more used the CHOP to address misconceptions. Some of the 

responses are listed below. (Quotes are verbatim; only spelling has been corrected.)

  “When I introduce gravity I talk about Aristotle, Galileo, Newton, and Einstein and their 

views.  When I introduce light I talk about Young, Newton, and Maxwell.”

 “Excerpts of Franklin's writings to explore static electricity.”

 “Millikan counting only good results for his oil drop experiment and not counting bad 

results.  He was still right, but the ethics...?”

  “Upon beginning our study of electricity and magnetism, I described to the students 

where the study of the two began.  As our study progressed, I introduced them to 

different scientists and their additions to the study of what became one topic called 

electromagnetism.”

 “I used the examples from the program in teaching thermodynamics to my AP Chemistry 

students. I do not currently teach physics. I also used conceptual history examples in gas 
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laws (concepts of force) and in quantum mechanics. This part of the course has been 

immensely valuable to my teaching.”

  “Showing students that their misconceptions are similar to the misconceptions of people 

like Aristotle.”

  “When introducing motion, I discuss the Aristotelian paradigm as a common sense view.

Objects in motion do appear to act that way. The Newtonian paradigm now has a 

background to emerge from so that its characteristics can be more clearly seen and 

understood.”

 “I have the students read some of the "Experimenters'" work in early thermodynamics 

and heat flow- they love the language and trying to figure out what was meant when 

things like "rise upon glaciation" are stated.”

To measure the impact of our courses, we compared the teachers’ reported use of the CHOP 

to Seroglou and Koumaras’s (2001) classification of historical uses in physics classes. Overall, 

from the 33 responses, we found that only six were in the emotional dimension, and thus not 

bearing directly on the study of physics concepts or the nature of science. The other 27 responses

correspond to the cognitive and metacognitive dimensions, meaning that the teachers are using 

the historical material to support instruction in physics concepts (cognitive) or nature of science 

(metacognitive). This is similar to the use of CHOP in ITOP courses. We take this as evidence 

that PD that integrates physics and CHOP does foster the subsequent use of CHOP in the 

teachers’ classes. For the 15 other possible respondents to this question, 14 did not answer the 

question and one said, “I am working on ways to incorporate it.”

4.4 Evidence from Teacher Case Histories

To provide additional confirmation of the self-reports by the teachers of the impact of the 

instruction in the conceptual history of physics, a case study approach was adopted. Ten case 

histories were assembled (Author et al 2013a, c). The selected teachers had taken six or more 

ITOP courses. Development of these case histories was based on two pre-arranged classroom 
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observations, interviews with the teachers immediately following the observation, and the 

collection of artifacts (lesson plans and student work samples). When planning the initial 

observation, the subject teachers were not told that the researcher would be looking specifically 

for their use of the history of science. Instead, the researcher inquired as to the teacher’s schedule

of physics lessons, and then scheduled the first observation when the topic matched material 

treated during ITOP instruction. During the post-observation interview, when the teachers 

realized the researchers’ objective they would volunteer lesson plans and student work that 

demonstrated inclusion of the history of science with methods that were derived from their ITOP

experience. The second visit was then planned for a date when the researcher could either 

observe again, or better observe, the teacher’s use of the history of science in the classroom.

Between the two observations, eight of the ten teachers were observed using examples from 

the history of physics to teach physics concepts. In their post-observation interviews, all ten 

subjects reported that their understanding of the history of science helped them understand their 

students’ alternative conceptions; all ten cited using the CHOP to discuss theory change with 

their students; and, all ten used the history of physics to increase student interest in physics. All 

of the teachers interviewed credited the ITOP courses with their use of the history of science 

and/or the conceptual history of science in their classes.

5. Conclusions

The ITOP sequence of courses provides a unique opportunity to integrate the history and 

philosophy of science into the professional development of physics teachers. This uniqueness 

stems from the extended nature of the PD (10 two-credit courses over two years), and from the 

interdisciplinary team (physicists, science educators, and philosophers) that developed and taught

the materials.

To teach the conceptual history of physics (CHOP) with an emphasis on the historical 

development of theory and model creation, curriculum materials were developed to match the 

instructional needs and practices of physics teachers. For this, an appeal was made to current 
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learning theory to develop epistemic games that fit the interactive instruction of a modern 

physics classroom. Epistemic activities were designed that focused on the development of 

theories, with their epistemological and ontological dimensions, at historical stages of many of 

the fields of physics (dynamics, thermodynamics, electricity and magnetism, electromagnetism, 

light, and atomic structure). The worksheets for the activities are meant to assist the teachers in 

organizing their new knowledge, and assist them in a critical analysis of the development of 

science through the use of compare-and-contrast discussions. The epistemic exercises in the 

CHOP further include activities in which the teachers construct explanations of phenomena using

historical models using archaic theories.

To address the research questions related to the impact of the instruction the CHOP in the 

ITOP courses, we relied upon direct surveys of a relatively large sample of teachers and a 

smaller number of case histories. As reported above, the CHOP instruction had an impact on 

teachers’ thinking and classroom practice. 

1. Teachers who took the ITOP courses reported high gains in their understanding of the 

(conceptual) history of science and the frequency with which they think about it.

2. Teachers who took the ITOP courses reported that their understanding of the 

(conceptual) history of physics helps them better understand their students’ learning.

3. Of the 48 respondents, 45 (94%) responded that they use the conceptual history of 

physics in their classrooms. Of those that do use the CHOP in their classroom, more than

2/3 cited examples we are comfortable assigning as arising from our instruction. Given 

the teachers’ survey responses about their initial knowledge of the history of physics 

(Figure 4), we consider this percentage of response as evidence of strong impact of the 

CHOP instruction provided in the ITOP courses.

Coupled with the case histories of teacher use of the history of science in the classroom 

discussed above, these results are evidence that professional development with the CHOP 

integrated into instruction can lead teachers to use the history of physics in their lessons and to 

understand their students’ learning. 
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The emphasis on modeling in the Framework (NRC 2012) makes the use of the conceptual 

history of science a logical method to enrich classroom discussion about models and the 

practices of science. Nevertheless, translation to the classroom of the CHOP, and the 

instructional methods we employed during professional development, faces multiple obstacles 

similar to those reported for European and Israeli teachers to introduce the history of physics into

instruction (Höttecke, Henke, and Reiss 2012; Höttecke and Silva 2011; An Author 2013a, c). 

Teachers need age appropriate curriculum for their students and a standards-based justification 

for spending time on teaching the history of science. Although there are well-developed history 

of science materials available (Allchin 2013; Clough 2011), it is not unified and integrated into 

curricula commonly used by most teachers. Perhaps the clearest signal from our work is that 

teachers need professional development to learn the history of science and to recognize its value 

for improving students’ content learning. Without teachers’ recognition of this value, and in the 

absence of explicit inclusion of the history of science in statewide assessments based on the 

science standards, teachers will remain unmotivated to study the history of science themselves, 

or use it in their classrooms, unless serendipitously they enroll in a program that focuses on the 

history of science.

Acknowledgements

Support for the Improving Teaching of Physics project was provided from 2005 – 10 by the 

Commonwealth of the State of Massachusetts (Grant CTRGT5NCLBBU200000000000) and the 

Massachusetts Regents (Grant CTRGTFY08BOSTONUNIVITQ08).

28/34



References

AAAS (1990). Science for All Americans. Project 2061 American Association for the Advancement of Science. 

New York: Oxford University Press.

Abd-El-Khalick, F. (2013). Teaching with and about nature of science, and science teacher knowledge domains. 

Science & Education, 22(9), 2087-2107

Adamson, S. L., Banks, D., Burtch, M., Cox, F., Judson, E., Turley, J. B., & Lawson, A. E. (2003). Reformed 

undergraduate instruction and its subsequent impact on secondary school teaching practice and student 

achievement. Journal of Research in Science Teaching, 40(10), 939-957.

Ahlgren, A., & Walberg, H. J. (1973). Changing attitudes towards science among adolescents. Nature, 245, 187-

190.

Allchin, D. (1992). Millikan, Mendel and the Fringes of Integrity. http://www1.umn.edu/ships/updates/fraud.htm. 

Retrieved August 8, 2013.

Allchin, D. (2011). Evaluating knowledge of the nature of (Whole) science. Science Education, 95(3), 518-542.

Allchin, D. (2013). Teaching the Nature of Science. Saint Paul: SHiPS Education Press.

Allchin, D. (2014). From Science Studies to Scientific Literacy: A View from the Classroom. Science & Education, 

23(9), 1911-1932.

Arons, A.B. (1965). Development of Concepts of Physics. Reading, Massachusetts: Addison-Wesley.

Bostock, D. (1996). Introduction: Aristotle’s cosmology. In Aristotle. Physics. (pp. xv, xvii) Oxford: Oxford 

University Press.

Carey, S. (2009). The origin of concepts. Oxford University Press.

Clement, J. (1982). Students' preconceptions in introductory mechanics. American Journal of Physics, 50, 66-71.

Clough, M. P. (2011). The story behind the science: Bringing science and scientists to life in post-secondary science 

education. Science & Education, 20(7-8), 701-717. 

Clough, M.P., Herman, B.C., & Smith, J.A.R. (2010). Seamlessly teaching science content and the nature of science:

Impact of historical short stories on post-secondary biology students. Association for Science Teacher Educa-

tion National Conference, Sacramento, CA, January 14-16. 

http://www.storybehindthescience.org/research.html. Acessed 31 May 2014.

Cohen, I.B. (1941). Benjamin Franklin’s Experiments. Cambridge: Harvard University Press.

Collins, A., & Ferguson, W. (1993). Epistemic forms and epistemic games: Structures and strategies to guide 

inquiry. Educational Psychologist, 28(1), 25-42.

College of the University of Chicago (1949). Introductory General Course in the Physical Sciences Vol. 1, 2. 

Chicago: The University of Chicago Press.

29/34

http://www.storybehindthescience.org/research.html
http://www1.umn.edu/ships/updates/fraud.htm


College of the University of Chicago (1950). Introductory General Course in the Physical Sciences Vol. 3. Chicago:

The University of Chicago Press.

Conant, J. B. (1947). On understanding science; an historical approach. American scientist, 35(1), 33-55.

Conant, J.B. & Nash, L.K. (1957). Editors. Harvard Case Histories in Experimental Science. Cambridge, 

Massachusetts: Harvard University Press

Desimone, L. M., Porter, A. C., Garet, M. S., Yoon, K. S., & Birman, B. F. (2002). Effects of professional 

development on teachers' instruction: Results from a three-year longitudinal study. Educational Evaluation and 

Policy Analysis, 24(2), 81-112. 

Driver, R., Squires, A., Rushworth, P., & Wood-Robinson, V. (1994). Making Sense of Secondary Science: 

Research into Children’s Ideas. New York: Routledge.

Du Fay, M. (1733). A Letter from Mons. Du Fay, FRS and of the Royal Academy of Sciences at Paris, to His Grace 

Charles Duke of Richmond and Lenox, concerning Electricity. Translated from the French by TS M D. Royal 

Society of London Philosophical Transactions Series I, 38, 258-266.

Duschl, R. A., & Grandy, R. (2013). Two views about explicitly teaching nature of science. Science & Education, 

22(9), 2109-2139.

Etkina, E. (2010). Pedagogical content knowledge and preparation of high school physics teachers. Physical Review 

Special Topics-Physics Education Research, 6(2), 020110.

Fowler, M. (2003). Galileo and Einstein: Using History to Teach Basic Physics to Nonscientists. Science & 

Education, 12, 229-231.

Frigg, R. & Hartmann, S., "Models in Science", The Stanford Encyclopedia of Philosophy (Fall 2012 Edition), 

Edward N. Zalta (ed.). http://plato.stanford.edu/archives/fall2012/entries/models-science/.  Accessed 1 June 

2014.

Galileo, G. (1638/2002). Dialogues Concerning Two New Sciences. ed. Stephen Hawking. Philadelphia: Running 

Press Book Publishers.

Galileo, G. (1638/1914). https://archive.org/details/dialoguesconcern00galiuoft. Accessed 16 November 2014.

Galili, I. & Hazan, A. (2000). The influence of an historically oriented course on students’ content knowledge in 

optics evaluated by means of facets-schemes analysis. American Journal of Physics, 68, S3-S15.

Galili, I. & Hazan, A. (2001). The Effect of a History-Based Course in Optics on Students’ Views about Science. 

Science & Education, 10 (7-32).

Gray, S. (1731). A letter to Cromwell Mortimer, MD Secr. RS containing several experiments concerning 

electricity; By Mr. Stephen Gray. Philosophical Transactions, 37(417-426), 18-44.

Hake, R. (1998). Interactive-engagement versus traditional methods: A six-thousand-student survey of mechanics 

test data for introductory physics courses. American Journal of Physics 66, 64-74.

Halloun, I. (2007). Mediated Modeling in Science Education. Science & Education, 16, 653-697.

30/34



Halloun, I. A., & Hestenes, D. (1985). Common sense concepts about motion. American Journal of Physics, 53, 

1056-1065.

Heath, T.L. (Ed.) (2002). The Works of Archimedes. Mineola, N.Y.: Dover.

HIPST (2013). http://hipstwiki.wetpaint.com/page/hipst+developed+cases. Accessed 4 August 2013.

Hobson, A. (2003). Physics Concepts and Connections. Third Edition. Upper Saddle River, N.J.: Pearson Education,

Inc.

Holton, G. (1952). Introduction to Concepts and Theories in Physical Science, 1st ed., Addison Wesley Publishing 

Co., Cambridge, MA.

Holton, G. (1978a). Subelectrons, presuppositions, and the Millikan-Ehrenhaft dispute. Historical Studies in the 

Physical Sciences, 161-224.

Holton, G. (1978b). “Subelectrons, presuppositions, and the Millikan-Ehrenhaft dispute” in The Scientific 

Imagination by G. Holton, 25-83, Cambridge University Press.

Holton, G. (2003). The Project Physics Course, Then and Now. Science & Education, 12(8), 779–786.

Holton, G. (2014). The Neglected Mandate: Teaching Science as Part of Our Culture. Science & Education, 23(9), 

1875-1877.

Holton, G. & Brush, S.G. (1985). Introduction to Concepts and Theories in Physical Science. Princeton, New 

Jersey: Princeton University Press.

Holton, G. & Roller, D.H.D. (1958). Foundations of Modern Physical Science. Reading, Massachusetts: Addison-

Wesley Publishing Company, Inc:

Höttecke, D., Henke, A., & Riess, F. (2012). Implementing History and Philosophy in Science Teaching: Stategies, 

Methods, Results and Experiences from the European HIPST Project. Science & Education, 21(9), 1233-1261.

Höttecke, D., & Silva, C. C. (2011). Why implementing history and philosophy in school science education is a 

challenge: An analysis of obstacles. Science & Education, 20(3-4), 293-316.

Huygens, C. (1690/2005). Treatise on Light [1690]. The Project Gutenberg eBook, Treatise on Light, by Christiaan 

Huygens, Translated by Silvanus P. Thompson. http://www.gutenberg.org/ebooks/14725. Accessed 16 

November 2014.

Johnson, D. W., & Johnson, R. T. (1999). Making cooperative learning work. Theory into practice, 38(2), 67-73.

Kirschner, P.A., Sweller, J. & Clark, R.E. (2006). Why Minimal Guidance During Instruction Does Not Work: An 

Analysis of the Failure of Constructivist, Discovery, Problem-Based, Experiential, and Inquiry-Based Teaching.

Educational Psychologist, 41(2), 75-86.

Klopfer, L. E. (1969). The teaching of science and the history of science. Journal of Research in Science Teaching, 

6(1), 87-95.

31/34

http://www.gutenberg.org/ebooks/14725
http://hipstwiki.wetpaint.com/page/hipst+developed+cases


Klopfer, L. E., & Cooley, W. W. (1963). The history of science cases for high schools in the development of student

understanding of science and scientists: A report on the HOSC instruction project. Journal of Research in Sci-

ence Teaching, 1(1), 33-47.

Kuhn, T.S. (1970). The Structure of Scientific Revolutions. Second Edition. Chicago: The University of Chicago 

Press.

Lawson, A. E., Benford, R., Bloom, I., Carlson, M.P., Falconer, K., Hestenes, D., Judson, E., Pilburn, M.D., 

Sawada, D., Turley, J, & Wyckoff, S. (2002). Evaluating college science and mathematics instruction. Journal 

of College Science Teaching. 31, 388-393.

Lederman, L. (2001). Physics First, APS Forum on Education Newsletter, Spring 2001. 

http://www.aps.org/units/fed/newsletters/spring2001/lederman.html. Accessed 1 June 2014.

Lederman, N. G., Abd-El-Khalick, F., Bell, R. L. & Schwartz, R. S. (2002). Views of nature of science 

questionnaire: Toward valid and meaningful assessment of learners' conceptions of nature of science. Journal 

of Research in Science Teaching, 39, 497-521.

Matthews, M. R. (1989). The Scientific Background to Modern Philosophy: Selected Readings. Hackett Pub Co.

Matthews, M.R. (1994). Science Teaching. Routledge: New York and London.

Matthews, M.R. (2002). Constructivism and Science Education: A Further Appraisal. Journal of Science Education 

and Technology, 11, 121-134.

Maxwell, J.C. (1996) Document 16: Molecules. In Garber, E., Brush, S.G. and Everitt, C.W.F. (Eds.) Maxwell on 

Molecules. Cambridge: MIT Press.

Michael, J. (2006). Where’s the evidence that active learning works? Advances in Physiology Education, 30, 159-

167.

Morse, R. A. (Ed.) (2004). Benjamin Franklin: Papers on Electricity. http://www.compadre.org/psrc/franklin/. 

Accessed 3 August 2013.

Moss, C. & Brookhart, S. (2009). The Lay of the Land: Essential Elements of the Formative Assessment Process. In

Advancing Formative Assessment in Every Classroom: A Guide for Instructional Leaders. Alexandria, VA: 

ASCD.

National Research Council (NRC) (Ed.). (1996). National science education standards. National Academy Press.

National Research Council (NRC) (1999). How People Learn. Washington, DC: National Academy Press.

National Research Council (NRC) (Ed.). (2011). A framework for K-12 science education: Practices, crosscutting 

concepts, and core ideas. National Academies Press.

Nersessian, N. J. (1992). How do scientists think? Capturing the dynamics of conceptual change in science. Cogni-

tive models of science, 15, 3-44.

Nersessian, N. (2008). Model-based reasoning in scientific practice. Teaching scientific inquiry: Recommendations 

for research and implementation, 57-79.

32/34

http://www.compadre.org/psrc/franklin/
http://www.aps.org/units/fed/newsletters/spring2001/lederman.html


Newton, I. (1687/1934). Mathematical Principles of Natural Philosophy, Vol. I "The Motion of Bodies" (translated 

A. Motte, revised F. Cajori), Berkeley: University of California Press

Niaz, M. (2000). The oil drop experiment: A rational reconstruction of the Millikan-Ehrenhaft controversy and its 

implications for chemistry textbooks. Journal of Research in Science Teaching, 37(5), 480-508.

Niaz, M. (2009). Progressive transitions in chemistry teachers’ understanding of nature of science based on histori-

cal controversies. Science & Education, 18(1), 43-65.

Novak, J. D., & Gowin, D. B. (1984). Learning how to learn. Cambridge University Press.

Paraskevopoulou, E., & Koliopoulos, D. (2011). Teaching the nature of science through the Millikan-Ehrenhaft dis-

pute. Science & Education, 20(10), 943-960.

Posner, G. J., Strike, K. A., Hewson, P. W., & Gertzog, W. A. (1982). Accommodation of a scientific conception: 

Toward a theory of conceptual change. Science Education, 66, 211-227.

Prince, M. (2004). Does Active Learning Work? A Review of the Research. Journal of Engineering Education, 

93(3), 223-231.

Rhodes, R. (1986). The Making of the Atomic Bomb. Simon & Schuster, Inc.

Ross, D. (2012). "Game Theory", The Stanford Encyclopedia of Philosophy (Winter 2012 Edition), Edward N. Zalta

(ed.). http://plato.stanford.edu/archives/win2012/entries/game-theory/. Accessed 4 June 2014.

Rudge, D.W. & Howe, E. M. (2009). An explicit and reflective approach to the use of history to promote 

understanding of the nature of science. Science & Education, 18(5), 561-580.

Rutherford, F.J., Holton, G., & Watson, F.G. (1981). Project Physics. Project Physics Collection, on archive.org. 

http://archive.org/details/projectphysicscollection. Accessed 3 August 2013.

Sawada, D., Piburn, M. D., Judson, E., Turley, J., Falconer, K., Benford, R., & Bloom, I. (2002). Measuring reform 

practices in science and mathematics classrooms: The reformed teaching observation protocol. School Science 

and Mathematics, 102(6), 245-253.

Seroglou, F., & Koumaras, P. (2001). The contribution of the history of physics in physics education: A review. In 

Science Education and Culture (pp. 327-346). Springer Netherlands.

Seroglou, F., Koumaras, P., & Tselfes, V. (1998). History of science and instructional design: The case of 

electromagnetism. Science & Education, 7, 261-280.

Shamos, M.H. (1987). Great Experiments in Physics, Firsthand Accounts from Galileo to Einstein. New York: 

Dover Publications.

Shulman, L. S. (1987). Knowledge and teaching: Foundations of the new reform. Harvard Educational Review, 

57(1), 1-22.

Stinner, A., McMillan, B.A., Metz, D., Jilek, J.M. & Klassen, S. (2003).The Renewal of Case Studies in Science 

Education. Science & Education, 12, 617-643.

33/34

http://archive.org/details/projectphysicscollection
http://plato.stanford.edu/archives/win2012/entries/game-theory/


Strike, K. A. & Posner, G. J. (1992). A revisionist theory of conceptual change. Philosophy of science, cognitive 

psychology, and educational theory and practice, 147-176.

Suppe, F. (Ed.). (1977). The Structure of Scientific Theories. University of Illinois Press.

Suppes, P.C. (1967), What Is a Scientific Theory? in Sidney Morgenbesser (ed.), Philosophy of Science Today. New 

York: Basic, 55–67.

Toulmin, S. & Goodfield, J. (1961). The Fabric of the Heavens. Harper & Row, Publishers.

Toulmin, S. & Goodfield, J. (1962). The Architecture of Matter. The University of Chicago Press.

Toulmin, S. & Goodfield, J. (1965). The Discovery of Time. University of Chicago Press.

Van Fraassen, B. C. (1980). The Scientific Image. Oxford University Press.

Wandersee, J. H. (1986). Can the history of science help science educators anticipate students' misconceptions? 

Journal of Research in Science Teaching, 23(7), 581-597.

Welch, W. W. (1973). Review of the research and evaluation program of Harvard Project Physics. Journal of Re-

search in Science Teaching, 10(4), 365-378.

Welch, W. W. & Walberg, H. J. (1972). A national experiment in curriculum evaluation. American Educational Re-

search Journal, 373-383.

Wiggins, G. P. & McTighe, J. A. (2005). Understanding by design. ASCD.

Author (2013a). Physics teacher use of the history of science. Unpublished doctoral dissertation. Boston University, 

Boston MA. 

Authors (2013b). The Impact of Conceptual History on Teachers’ PCK. Presented at the 12th Biennial Conference 

of the International History and Philosophy in Science Teaching Group, June 20, 2013. Pittsburgh, Pennsylva-

nia.

http://archive.ihpst.net/2013-pittsburgh/conference-proceedings/. Accessed 1 June 2014.

Authors (2013c). Physics Teacher Use of the History of Science. Conference Proceedings of the 2013 Annual Inter-

national Conference of the National Association for Research in Science Teaching, April 9, 2013. Rio Grande, 

Puerto Rico.

Wiser, M. & Carey, S. (1983). When Heat and Temperature Were One. In Gentner, D. and Stevens, A.L. (Eds.) 

Mental Models. New York: Lawrence Erlbaum Associates, Publishers.

Wolfson, R. (2003). Simply Einstein: Relativity demystified. WW Norton & Company.

34/34

http://archive.ihpst.net/2013-pittsburgh/conference-proceedings/

