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The present study describes the development and field testing of the nature of heat inventory (NOHI)
that examines high school and undergraduate students’ understanding of heat transfer processes in the
terms of kinetic molecular theory. NOHI comprises 10 items. Based on preliminary study and the history
of science, the 30 distractors of NOHI were designed to reflect the following three categories of possible
misconceptions regarding heat: (a) materialistic views, (b) hot atoms, and (c) expanding atoms. Field
testing, carried out on 81 students for science teaching, showed the materialistic misconceptions of heat
still to be the most popular. NOHI has been proven to be a valid and reliable tool that could be used to
determine students’ thinking regarding classical heat processes.
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I. INTRODUCTION

If, in some cataclysm, all of scientific knowledge
were to be destroyed, and only one sentence
passed on to the next generations of creatures,
what statement would contain the most informa-
tion in the fewest words? I believe it is the atomic
hypothesis… that all things are made of atoms—
little particles that move around in perpetual
motion, attracting each other when they are a
little distance apart, but repelling upon being
squeezed into one another. In that one sentence,
you will see, there is an enormous amount of
information about the world, if just a little
imagination and thinking are applied.

This is how Richard Feynman started his seminal course of
lectures [1]. This is why the kinetic molecular theory of
matter is taught in the very beginning of almost every
middle-school science course (physics, chemistry, biol-
ogy). An important part of this theory is the explanation of
basic heat processes: heat transfer, convection, melting,

solidification, thermal expansion, etc. Thus, students
finishing middle and furthermore, high school should
understand most of these issues and be able to explain
simple everyday heat phenomena at least qualitatively.
This, however, is not the situation; not only among middle-
school students but also among physics and engineering
graduates, as our field experience shows. Thus, our
experience meets the findings of professional publications
of the last decades [2–5].
Two courses of action are needed to improve the

situation. The first is diagnostic in character, while the
second is practical or curricular in character [6]. Regarding
the diagnostic one, the general challenge involves identi-
fying students’ conceptual understanding, which will
enable teachers to further design more efficient learning
environments addressing students’ misconceptions on the
subject learned and help them reshape their initial knowl-
edge into a more scientifically accepted understanding [7].
In addition, keeping in mind that assessment drives
teaching [8], or, in other words, “what gets assessed is
what gets taught” [9], the importance of such instruments
is obvious. One way to identify students’ knowledge about
scientific concepts is the use of diagnostic tools—ques-
tionnaires, tests, inventories, etc. [6,10–12]. These authors
suggest that more tools need to be developed to allow
instructors to better evaluate their students’ understanding
of physics concepts.
Herein, we develop the NOHI measuring students’

understanding of basic heat phenomena in qualitative
terms of classical kinetic molecular theory as shown in
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the Appendix. It is applicable in high schools as well as in
colleges and universities. NOHI contains 10 items and is
designed to be completed within 10–20 min, thus ensuring
a high probability of cooperation by the examinee [13].
Each item relates to the same four mental models of heat as
we further explain, which should provide some reliable
picture of students’ thinking.

II. WHY DEVELOP NOHI?

Kinetic molecular theory understanding is crucial for
further understanding of physics, chemistry, and other
nature sciences. Nevertheless, kinetic molecular theory is a
part of almost every physics curriculum; undergraduate
students as well as graduate engineers still experience
difficulties applying it to explain simple heat processes
[14,15] (see also Fig. 1).

This gloomy assessment is not intended as a
wholesale indictment of the many dedicated and
competent physics teachers. It does tell us,
though, that effective instruction requires more
than dedication and subject knowledge. It re-
quires technical knowledge about how students
think and learn [12].

In other words, more diagnostic instruments are needed
to facilitate teachers’ probing and assessing their students’
concepts and misconceptions [6,10,11]. Several diagnostic
instruments on the topic of heat exist in the literature.
However, most of them do not probe the basic qualitative
understanding of kinetic molecular theory applied in
analyzing simple heat phenomena. Indeed, the heat and
temperature conceptual evaluation developed by Thorton
and Sokoloff [16] probes students’ understanding in
relatively advanced topics such as temperature, specific

heat capacity, change of phase, etc. [4]. Ding et al. [17]—
energy assessment tool—probe students’ concepts about
heat in abstract terms of energy. Thermal concept evalu-
ation questionnaire developed by Yeo and Zadnik [18]
focuses on thermal processes from the viewpoint of
temperature, that is, also energy in other terms. No
inventory deals explicitly with the basic inner mechanism
of particles’ (molecules, atoms, electrons) motion and
collisions. The present study aims at filling this gap. NOHI
probes examinee’s understanding of heat propagation,
thermal expansion and compression, and melting and
freezing in terms of kinetic molecular theory (see
Table I below). It does not use abstract (energy, temper-
ature, and entropy) or advanced (quantum mechanics)
terms.

III. STUDENTS’ CONCEPTS AND
MISCONCEPTIONS OF HEAT

The development of NOHI is based on a preliminary
qualitative study including (a) literature review, (b) history
of science (HOS) review, (c) clinical, and (d) focus-group
interviews [6,10,19]. This preliminary research focused on
the conceptual understanding of basic heat processes as
listed in Table I. There are two main approaches to
students’ misconceptions. The shift category approach
[2,20] and the framework theory approach (Vosniadou
and Brewer [7,21]) both necessitate that there is some
degree of coherency in students’ views. Indeed, according
to Chi, students’ knowledge is organized in different
ontological categories. Once categorized, a concept can
“inherit” features and attributes from its category member-
ship that enable a learner to make many inferences and
attributions about a novel concept and/or phenomenon
[2,22]. To be more precise, Chi considers two categories
with which scientific phenomena may be associated:

FIG. 1. Distribution of answers among the categories.
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entities and processes. Processes can be further distin-
guished as sequential or emergent. In sequential processes,
each of the system’s elements plays a distinct role: the
behavior of elements is predefined and predictable; there is
an order in the interactions between the elements. In
emergent processes, the elements do not act in a predeter-
mined way; there is no order of interactions between
elements, and a random number of interactions occur
simultaneously. Incorrectly conceiving an emergent proc-
ess as if it were an entity (matter) or a direct process,
according to Chi, is one of the sources for students’ robust
scientific misconceptions regarding process phenomena
such as heat [3]. In this way, a miscategorized concept will
often act as a relatively consistent incorrect science theory
(alternative theory and mistaken mental model). On the
other hand, DiSessa’s “pieces in knowledge” theory views
naïve knowledge as being fragmented and loosely coherent
[23]. In our case, it is expected that answers provided by
participants having backgrounds in the physics of heat will
have a more degree of coherency, and therefore, we
considered the theoretical framework of Chi and
Vosniadou to be more appropriate for the present research.
Even more so, our field experience and the preliminary
study results are both consistent with this approach.
Heat processes, according to Chi [2,3], are classified as

emergent processes. In such processes, the elements act
randomly (random motion of atoms or molecules in gas,
conduction electrons in metals), there is no order of
interactions between elements (all the particles’ collisions
are random), and a random number of interactions (colli-
sions) occur simultaneously. Thus, the resulting global
pattern in an emergent process, such as heat conduction, is
actually a statistical result of the random interactions
between the elements, so ordered-like (or disordered)
patterns can emerge from a mess. Two main alternative
models for heat transfer were outlined by Chi: materialistic
view of heat and considering heat as a sequential (ordered)
process. Our preliminary study results reinforce these
findings of Chi and bring a new, absent in the professional
literature. Actually, we identified five main categories of
mental models [2,7,24] regarding heat in the preliminary
study:

1. Heat particles—naïve students tend to explain
phenomena related to heat in terms of matter and
the characteristics they attribute to matter. For
instance, students mistakenly view heat as being a
kind of matter that propagates from one place to
another and can be contained and accumulated in a
closed space [25]. Such materialistic views of heat
were also found among undergraduate students [15].

2. Heat is an invisible liquid (caloric)—heat is trans-
ferred from hotter to colder bodies by a flow of a
special heat liquid called caloric. Caloric can also be
contained and accumulated in bodies. This model
was popular in the science of XVII—XVIII cen-
turies [26].

3. Hot atoms or molecules—when students learn
about heat in the terms of air molecules’ motion,
some of them tend to perceive heat transfer as a
direct process of matter propagation according to
which “hot molecules” travel from one location to
another [20]. This is obviously a hybrid model in
terms of Vosniadou (2008) connecting the materi-
alistic view of heat and the idea that heat propagates
in the air in terms of the air molecules’ motion.

4. Expanding atoms or molecules—when we heat a
substance (metal rod, water, air in a balloon), it
expands. This is due to the increase in volume of
every atom and molecule of the substance. Atoms or
molecules of a cold substance, on the contrary,
usually shrink. For instance, hot air molecules are
bloated, therefore, less dense and thus flow up
(convection); when we heat an edge of a metal
rod, the atoms expand and hit each other along the
rod, thus transferring heat. To the best of our
knowledge, this way of thinking is absent in the
professional literature. However, this idea was more
than once repeated in the interviews and further
gained certain popularity in the first and second
versions of NOHI.

5. The Kinetic molecular model—scientifically cor-
rect explanations.

Further, while running the first version of NOHI, we
saw that participants almost did not choose the caloric
model, and thus, we merged distractors of type 1 and 2 into
one category named Materialistic heat. That is, heat is a
special matter (particles or liquid) that is transitional—
flow from point “A to point B”; containable—can be
contained and accumulated and; stable—do not sponta-
neously appear or disappear [25,27].

IV. DEVELOPING THE INSTRUMENT

A. Methodology used for developing NOHI

We based the development of NOHI mainly on a
summary of the methodology presented by Adams and
Weiman [13]. We also followed methods used in previous

TABLE I. Seven basic heat phenomena measured by NOHI.

Phenomenon Items on NOHI

Heat propagation Conduction 1, 5, 6
Convection 2
Radiation 1

Thermal expansion
of liquids and metals

4, 8

Thermal compression
of polymers (rubber)

9

Melting 3
Freezing 10
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similar studies developing diagnostic instruments
[6,10,17,28]. Adams and Weiman [13] summarized the
following four phases of the development process of
diagnostic instruments:

(i) Delineation of the purpose of the test and the scope
of the construct or the extent of the domain to be
measured;

(ii) Development and evaluation of the test specifica-
tions: item format, time restrictions, characteristics
of the population, and test procedures;

(iii) Development, field testing, evaluation, and selec-
tion of the items and scoring guides and procedures;

(iv) Assembly and evaluation of the test for opera-
tional use.

Next, we will discuss every phase in detail.
Phase 1: Delineation of the purpose of the question-

naire and the extent of the domain to be measured
NOHI aims at measuring students’ concepts and mis-

conceptions regarding the seven basic heat phenomena in
terms of kinetic molecular theory as represented in Table I
below. These issues were approved as being sufficient by
12 expert: a physics professor, two Ph. D. in physics, two
Ph.D.s in science and technology teaching and three high-
school physics teachers, and four M.Sc. physicists.
Phase 2: Development and evaluation of the ques-

tionnaire specifications
This phase includes characteristics of the target pop-

ulation, item format decision, time restrictions, and ques-
tionnaire procedures (Adams and Weiman [13]).
Characteristics of the target population
The proposed instrument is intended to probe ideas

mainly among high school and undergraduate physics,
chemistry, and engineering students.
Item format: Student centered
The literature distinguishes between two types of

assessment instruments: (a) student-centered, which
include in-depth interviews and open-ended questions,
and (b) the convergent-type, ones consisting mainly of
multiple-choice tasks. Convergent-type instruments, in
contrast to student-centered ones, are more objective
and demand limited human and time resources [29]. To
make the instrument valid, i.e., probe what students really
think and not what the authors think that students think, we
have to formulate the distractors based on known students’
misconceptions [13]. To do so, we grounded the distractors
in (a) misconceptions known from professional literature;
(b) HOS [10]; (c) preliminary qualitative study in which
five are clinical [6,27] and (d) five focus-group interviews
[19,30] were held. All the interviews were conducted as
semistructured and based on the same ten questions as
NOHI (see the Appendix). The focus group interviews
were conducted in popular science community events [19]
and included about 10 to 50 participants each. These
interviews encompassed a multiaged and multieducated

(high school to graduate engineers and physicists)
population.
In addition, in order to enable students to articulate

whatever ideas they deem representative of their view-
points on the target issue in an open-ended format, the
following choice was added to each of the questionnaire’s
items: “None of the above choices fits my basic viewpoint.
My basic viewpoint is ______ (please explain your view-
point in the space provided below)” [6,10,31].
Time restrictions
According to Adams and Wieman [13], 30 min is the

most acceptable upper limit for a concept questionnaire.
An average student could complete NOHI within
10–20 min, as it comes out from the field testing.
Phases 3 and 4: Development, field testing, evalu-

ation, and selection of the items; assembly and evalu-
ation of the questionnaire for operational use
These phases include the methods and data sources

for distractors’ development, field-testing results, their
evaluation, and further fine-tuning of the instrument for
operational use [13]. Generally, NOHI went through two
field-testing iterations. The first iteration results enabled us
to evaluate the reliability and validity of the items, as well
as learn about their quality and effectiveness. These helped
us fine-tune NOHI, after which we completed the second
reiteration that was needed to revise, revalidate, and retune
the instrument [6]. We present the results of the second
iteration below.
Distractors
To design a student-centered instrument, we used the

four categories of misconceptions identified in the pre-
liminary study. In what follows, we illustrate each category
by presenting some representative examples of distractors.

1. Materialistic heat—in this kind of distractor, heat is
characterized by the attributes of materialistic sub-
stances, according to Reiner et al. and Eshach [10].
For instance, distractor (c) in item 1 suggests a
“torch emits heat particles that fly in all directions.
When these particles hit our hand, they heat it up.”
Here, heat is materialistic (particles) and
transitional—flows from A to B. Distractor (a) in
item 7 claims that we feel hot on a sunny day since,
“heat emitted from the sun accumulates in the
atmosphere, which, as a result, heats up and warms
the earth.” In this explanation, heat is containable,
that is, can be accumulated in the atmosphere.

2. Hot atoms or molecules—in this kind of distractor,
hot atoms or molecules travel from one location to
another [5,20]. For instance, distractor (d) in item 1
suggests regarding heat conduction in the air that,
“Fire heats the air molecules nearby and causes
them to oscillate strongly. These oscillating mole-
cules fly in all directions. Some of them hit the hand
and irritate the skin.”
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3. Expanding atoms or molecules—these distractors
are based on the idea that atoms or molecules of a
heated-up material expand (like a balloon); and they
shrink in a cooled one. For instance, distractor (b) in
item (8) suggests that the liquid column in the tube
of a thermometer gets higher, since the “liquid’s
molecules warm up and therefore their volume
increase.”

All of the distractors were constructed based on these
three categories. The ideas and misconceptions identified
in both focus group and clinical interviews were actually
used to formulate about 80% of the distractors. The other
20% were based on known misconceptions from the
history of science and the authors’ field experience as
physics lecturers. Responses based on relatively advanced
and/or abstract terms, such as energy, entropy, Casimir
effect, etc., were omitted from the distractors. The correct
answers are associated with the kinetic molecular theory of
matter and electromagnetic radiation when necessary in
layman’s terms. We relate all the possible responses in
NOHI to these categories in Table II below. As one can see,
all the items include one response of each category.

V. FIELD TESTING—RELIABILITY
ESTIMATION, ITEM ANALYSIS

We used the classical test theory to analyze the follow-
ing three psychometric features of NOHI: Cronbach’s α
reliability, item discrimination index, and item point
biserial coefficient [13,17,29]. Test reliability is an indi-
cator of how precisely the test makes the measurement
[13]. A common way of measuring the internal consis-
tency of a test is by calculating the Cronbach’s alpha
coefficient (0 ≤ α ≤ 1). Conceptual knowledge tests hav-
ing α ≥ 0.7 are generally considered to be reliable [29].
Index of discrimination (D) indicates how well an item
distinguishes top-scoring students from poorly performing
ones [6,29]. Janda [29] located the minimalD level at 0.28.
Point biserial coefficient (rbis) indicates how consistent
each item is with the whole assessment. High point biserial

coefficient values usually provide additional evidence of
the item’s quality [13,29]. The minimal acceptable level of
rbis is 0.2 [6,32].
The first draft of NOHI was administered to 59

participants: undergraduate engineering students, B.Sc.,
M.Sc., and Ph.D. teachers for natural sciences and engi-
neers. According to the literature, a minimal sample of 20
or 30 people is usually enough to get some useful statistics.
The numbers start becoming statistically stable near 50
examinees [33–35]. Therefore, a starting sample of 59
participants was considered sufficient. In light of the item
analysis carried out on the first draft, “unpopular” dis-
tractors that were chosen by less than 10% of the
participants were omitted or rephrased. For instance, we
considered that the HOS idea of heat as an invisible liquid
(caloric) was chosen by less than 4%. Therefore, we
decided to remove all the distractors relating to this idea
and include it in the materialistic heat category. At the
same time, we made sure that all the items included all the
four categories of answers so the instrument would be
suitable for use in the terms of mental model analysis of
Bao [24,36].
In order to estimate the reliability of the second version

of NOHI and provide further item fine-tuning, we distrib-
uted the instrument to 81 participants. Of the participants,
47 studied on B. Ed. Program for natural sciences teachers
and took a basic physics course including mechanics and
classical heat theory prior to answering NOHI; 21—
engineering students; and 13 B.Sc., M.Sc., and Ph.D.
graduated physicists and engineers. This group yielded an
average grade of 36% (SD = 26.9%) and Cronbach’s
α ¼ 0.69. Table III below presents the index of discrimi-
nation and point-biserial coefficient for each item. As can
be seen in the table, the mean values of both meet the
literature requirements as previously presented.
Figure 1 depicts the distribution of the participants

among the categories of distractors. The histogram

TABLE II. Relating the NOHI possible answers to categories.

Item
Materialistic

heat

Hot atoms
or

molecules

Expanding
atoms or
molecules

Kinetic
molecular
theory

1 c d a b
2 a c d b
3 c d a b
4 a c d b
5 a b c d
6 b, e d c a
7 a d c b
8 c a b d
9 b a d c
10 b d a c

TABLE III. Index of discrimination and point biserial coef-
ficient calculated for NOHI items.

Item D rbis

1 0.69 0.62
2 0.53 0.66
3 0.63 0.65
4 0.63 0.6
5 0.28 0.38
6 0.31 0.39
7 0.53 0.54
8 0.63 0.64
9 0.63 0.57
10 0.56 0.85
Mean 0.54 0.56
SD 0.14 0.1
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actually represents the average probability of a participant
in choosing an answer of a certain category in an item.

VI. ESTABLISHING VALIDITY

The issue of test validity addresses the questions: Does
the test measure what we think it does? To what extent
does it succeed in measuring [29]? The content-related
aspect of validity is probably the most important for
knowledge examining tests like the one we developed in
the present study. It deals with the question: To what extent
does the content of the test match the domain of interest.
Thus, a test is considered content-valid if its content
corresponds to a student’s performance that we want to
observe [6,10]. We estimate content validity in the follow-
ing two ways:

1. Specifications table—One of the methods for es-
tablishing content validity of a test is to outline test
specifications, which denote the content domains
that the test intends to encompass. One way to relate
test specifications is to construct a two-dimensional
test specifications table, that is, topics in the test vs
the appropriate items [6,29]. Table I above is
actually such a specification table. In this table,
we showed that NOHI relates to most of the topics
in the nature of heat described by the kinetic
molecular model as conveyed in undergraduate
physics textbooks, such as Halliday et al. [37].

2. Experts’ review—deals with experts’ review of the
content [13,29]. The professional literature provides
a rough consensus of the number of experts, 3–10
being sufficient for estimating content validity.
Indeed, Rubio et al. [38] recommended including
3–10 experts, Volfson et al. [6] used 6, and Eshach
[10] used 7. Twelve experts reviewed NOHI as
specified in phase 1. We asked the experts to (a)
complete the test, (b) comment on the appropriate-
ness of the objectives, and (c) criticize the items.
They were also invited to comment on the format
and on how the phrasing of the statements could be
improved. The experts and authors then discussed
the comments and suggestions. As a result, we
modified or removed some items/distractors accord-
ing to the experts’ recommendations.

Face validity exists if a test looks as if it relates to what
it has been declared to relate to and measure from the
examinees’ point of view [29]. Indeed, poor face validity
may negatively affect the attitude and motivation of
participants to cooperate with the examiner. To provide
face validity of an instrument, an examiner usually gives
the test for appreciation to a sampling group of the future
target audience [6,10]. To establish face validity, we
discussed the instrument with five practicing physics
lecturers. They approved the instrument’s face validity,
and we considered their opinion as being satisfactory.

VII. DISCUSSION

In the present study, we developed the nature of heat
inventory measuring students’ understanding of basic heat
phenomena in terms of classical kinetic molecular theory.
To the best of our knowledge, such diagnostic instruments
are absent in the professional literature. NOHI aims to fill
this gap. Following Adams and Weiman [13] as well as
previous studies [6,10], the development of NOHI
included formulating the objectives, constructing the
items, and performing reliability and validity checks. A
variety of sources were used to design the distractors:
literature review, HOS, responses by undergraduate and
graduate students in personal and focus-group interviews,
participants’ responses to the first and second drafts of
NOHI, physics textbooks, and a group of 12 experts,
including experienced physics teachers and lecturers hav-
ing an extensive physics background. The experts were
asked not only to examine the validity of NOHI but also to
suggest other items and/or distractors and rephrase the
existing ones. This integration of multiple sources is in line
with Creswell [39], who suggests that we must “discuss
plans to triangulate, or find convergence among sources of
information, different investigators, or different methods
of data collection” (p. 158) in order to increase the internal
validity of an instrument. The validity was found to be
sufficient.

A. Statistical parameters of NOHI

The second version of NOHI yielded α ¼ 0.69, which is
almost the lower acceptable limit according to Janda [29].
Moreover, many researchers believe that a high Cronbach’s
α obtained in a knowledge test such as NOHI does not
indeed guarantee high reliability but may actually be an
indication that there are redundant items that should be
removed, whereas a relatively low alpha coefficient would
be quite reasonable [13,40,41]. For instance, Volfson et al.
[6] reported α ¼ 0.66. Berger and Hänze [40] obtained
α ¼ 0.6, which they considered to be acceptable

“…given the limited number of test items and the
broad range of tested knowledge” (p. 303).

The same can be expected for NOHI, which also
measures a range of concepts (see Table I). Thus, we
consider α ¼ 0.69 as sufficient.
According to Janda [29], the acceptable lower border of

index of discrimination is 0.28. All of the items in NOHI
produced D ≥ 0.28, and the average index of discrimina-
tion was 0.54 (see, Table III), which meets the literature
recommendations. The point biserial coefficients of the
items varied between 0.39 and 0.66, indicating a degree of
correlation of each item with the whole assessment. These
results meet the recommendation of Adams and Weiman
[13], arguing that the point biserial coefficient should be
positive but not too high.
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NOHI yielded an average grade of 36% during its field
testing. This might appear relatively low. However, NOHI
does not just require an understanding of science concepts,
but also demands their application for the analysis of
practical situations. The fact that application and analysis
are both placed above understanding in Bloom’s taxonomy
[42] automatically makes NOHI more difficult than other
instruments intended for the same level of knowledge.
Indeed, it has been found that people have difficulty applying
abstract scientific concepts and rules to practical situations
[43]. Thus, the relatively low average grade appears to be
quite reasonable and can indicate a lack of experience in
practical application of the learnt science material. On the
other side, it might also indicate the need in more extensive
instruction of the molecular kinetic and classical heat theory
already on the middle-school level, even more so on the
academic level especially, for future science teachers.

B. Categories discussion

Nevertheless, we ran NOHI in groups of future sciences
teachers, who definitely learned classical heat theory, at
least qualitatively; the most popular category of miscon-
ceptions was still the materialistic one (24.3%). The hybrid
(materialistic + particles’ motion) hot atoms category
yielded 18.3%. That is in total 42.6% probability of a
participant to be triggered into materialistic way of thinking
regarding heat processes by one of NOHI items. This
finding indicates materialistic misconceptions to be robust
and resistant for teaching, thus reinforcing the findings of
Chi [2]. Consequently, instructors should make special
efforts to address materialistic thinking and facilitate
reviewing such misconceptions, that is, by contradictory
demonstrations, challenging questions and explanation of
the inner mechanism of emergent processes such as the heat
ones [3,5].
As to the third category of misconceptions—expanding

atoms, this mental model can be explained by the everyday
physical experience of the participants. Indeed, all of usual
materials expand when heated (except of the water
anomaly). This is a “piece of knowledge,” a p-prim
(phenomenological primitive) in the terms of DiSessa.
P-prims are elements of knowledge that constitute “peo-
ple’s “sense of mechanism,” their sense of which happen-
ings are obvious, which are plausible, which are
implausible, and how one can explain or refute real or
imagined possibilities” [44]. P-prims are usually activated
when interpreting scientific phenomena. Herein, naïve
students mistakenly relate the p-prim “heating causes
expansion” to the microscopic—atomic level of matter.
Nevertheless, according to DiSessa, naïve knowledge is
noncoherent and the set of p-prims strongly varies from
person to person, the expanding atoms model is sta-
tistically significant. This can be explained by the fact
that thermal expansion is a very popular everyday physical
experience in the modern society, for instance, we see it

when boiling water or check the oil level in a hot vs cold
engine of a car. These experiences form the same p-prim in
the minds of most of the population [19].

C. Methodological limitations

First, it should be emphasized that NOHI was developed
basing on the Israeli population of physicists, engineers,
and students. The results might be different if we had
recruited participants from other countries. Indeed, par-
ticipants from other countries might be exposed to physics
education at a different level and scope of topics, different
demonstrations and experiences. On the other hand, NOHI
can be used to examine such differences [10].
Second, NOHI is intended to measure understanding of

the very basic issues in classical heat theory. It does not
relate on purpose the more advanced and still very
important thermodynamic concepts such as specific heat,
temperature, energy, entropy, etc. It is the time now to
develop next inventories, which will address them.

VIII. CONCLUSION

We started this paper emphasizing the importance of
kinetic molecular theory in science instruction and in
contrast, the widespread difficulties of students in its
practical implementation. The average grade of NOHI
(36%) in future science teachers’ sample reinforces the
strong and immediate need to develop practical pedagogic
instruments for more efficient kinetic molecular theory
teaching. We hope NOHI to meet this need at least in
classical heat theory domain. Actually, NOHI can con-
tribute to three aspects in the field of science education:
diagnostic, instruction, and research.
Actually, diagnostics of thinking is the basic purpose of

conceptual inventories such as NOHI. It can be conducted
within a group of learners before almost every thermo-
dynamics course to identify the most popular misconcep-
tions, which further have to be treated by the instructor. It
also can be conducted while a course as formative assess-
ment and at the end of a course as a summative assessment.
In the instruction field, NOHI provides three practical

resources:
a. The items’ distractors actually provide a detailed list

of most frequent misconceptions regarding heat proc-
esses. There is general agreement today among
science educators that teachers’ deep understanding
of their students’ knowledge is a necessary key step to
(a) design effective learning environments and; (b)
lead learners to conceptual change from the non-
correct mental models to the correct ones [6,7,10,19].
We hope, therefore, science educators will find
benefit in NOHI’s distractors.

b. An ensemble of inspiring and challenging questions
for whole class dialogic discussions [43], problem-
based learning assignments [45,46], etc.
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c. Ideas for demonstration experiments in physics classes.
For instance, see items 4, 5, 6, and 9 (Appendix).

As to research point of view, NOHI can be used as a
large-scale assessment tool, the results of which may lead
to discourse about teaching methods and topics that should
be included in the curriculum to meet the requirements of
modern education. NOHI may also help to address some
research questions, such as whether differences in under-
standing of heat processes exist among students studying
in different faculties: physics, chemistry, biology, science
teachers, etc. It could also help to assess novel learning
environments in preinstruction and postinstruction analy-
sis [47]. Finally, we hope that NOHI shall provide an
inspiration for developing similar inventories intended to
measure students’ ideas regarding the more advanced
thermodynamic concepts.

DATA AVAILABILITY

The data that support the findings of this article are
openly available [22].

APPENDIX A: NATURE OF HEAT INVENTORY

1. Place your hand next to a burning torch at some
distance from it. The hand does not touch the
flame, but you feel hot. Why?

a. Air molecules around the torch heat up and
expand. Because of the increase in volume, they
hit neighboring molecules. The neighbors also
expand, and thus, heat reaches the hand.

b. Heat is transferred through accelerated move-
ment and increased collisions of air molecules,
as well as by electromagnetic radiation that
moves the molecules and electrons in the hand’s
skin.

c. The torch emits heat particles that fly in all
directions. When these particles hit the hand,
they heat it up.

d. Fire heats the air molecules nearby and causes
them to oscillate strongly. These oscillating
molecules fly in all directions. Some of them
hit the hand and irritate the skin.

e. None of the above choices fits my basic view-
point. My basic viewpoint is
______________________________________.

2. Place your hand above a torch. Now it feels much
hotter. If you hold your hand over the flame for a
few seconds, you will get a burn. Why does heat
go up?

a. Heat is lighter than air and therefore rises up.
b. Heating causes increased collisions between air

molecules. As a result, the density of the hot air
decreases and it flows up.

c. Hot air molecules are lighter than cold ones and
therefore go up.

d. Hot air molecules expand. Thus, their density
decreases and they flow up like air bubbles
in water.

e. None of the above choices fits my basic view-
point. My basic viewpoint is
_____________________________________.

3. A person holds an ice cube in his hand. He feels
cold in his hand and the cube melts. Why?
a. The volume of cold ice molecules is small. As

soon as they contact the warm hand’s molecules,
ice molecules expand and turn into water. The
molecules of the hand, on the other hand, shrink.

b. Molecules in the tissues of the hand vibrate
stronger than the ice molecules. Skin molecules
collide with ice molecules, oscillate them and
thus, ice melts.

c. Heat flows from the hand to ice, enters between
the ice molecules and thus increases its volume.
When heat fills enough spaces between the ice
molecules, the bonds between them break and
solid becomes a liquid.

d. Ice molecules in the outer layer heat up and
accelerate, into the cube. They enter inside,
breaking the bonds between the cold molecules.
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e. None of the above choices fits my basic view-
point. My basic viewpoint is
_____________________________________.

4. We hang a copper rod above a torch and allow it
to heat up. The rod lengthens by 2 mm. Why?

a. Heat emitted from the torch enters between the
copper atoms, fills the spaces between them and
thus increases the volume of the rod.

b. Heating causes increased movement and colli-
sions of the atoms and electrons in the rod, and
therefore, it lengthens.

c. The copper atoms in the outer layer heat up and
accelerate into the rod. They collidewith the cold
atoms inside, causing them to move sideways.

d. The copper atoms expand as a result of the
heating, and therefore, the length of the rod
increases.

e. None of the above choices fits my basic view-
point. My basic viewpoint is
_____________________________________.

5. We place a candle close to a torch. What will
happen to the flames of both?

a. The torch emits more heat, the candle less.
Therefore, the candle flame will deviate
strongly to one side. The torch flame will
deviate slightly to the other side.

b. The larger torch heats and accelerates more air
molecules around it. These molecules will hit

the candle flame and cause it to deviate strongly
to the side.

c. Air molecules around both flames will expand
due to the heating. This will cause both flames
to deviate to the sides.

d. Heat of the flames cause the air molecules’
collisions to be stronger and more frequent.
However, since these collisions occur randomly
in all directions, they will not influence the
flames’ shape.

e. None of the above choices fits my basic view-
point. My basic viewpoint is
_____________________________________.

6. We stick two copper rods: a thin one and a thick
one, of equal length, into the body of an unlit
candle (made of paraffin). Now we heat the ends
of the rods found in the air. Heat will pass
through each of the rods, melting the paraffin
around its other end, and the rod will fall. Which
rod will fall first?

a. Heating will cause increased movement and
collisions between the copper electrons in ran-
dom directions. Therefore, the thicker rod will
transfer heat faster and fall first.

b. Because of heating, the copper atoms expand
one after the other. The rate of expansion is
constant in the same material, and therefore, the
rods will fall together.

c. Copper atoms accelerated by heating will move
to the other end at the same speed in both rods.
Therefore, the rods will fall together.

d. The volume of the thin rod is smaller, therefore,
the heat will fill it faster and it will fall first.

e. None of the above choices fits my basic view-
point. My basic viewpoint is
_____________________________________.
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7. On a sunny day, we feel hot. How does the sun
heat the Earth’s surface?
a. Heat emitted by the Sun accumulates in the

atmosphere, which, as a result, heats and warms
the Earth.

b. The Sun creates time-varying electromagnetic
radiation, which oscillates the molecules and
electrons in the materials in the ground.

c. Sunlight causes air molecules in the atmosphere
to expand. As a result, they collide with each
other more, thus transferring heat to the ground.

d. Solar radiation hits the air molecules in the
atmosphere and accelerates them towards the
Earth’s surface. They collide with the ground
and heat it.

e. None of the above choices fits my basic view-
point. My basic viewpoint is
_____________________________________.

8. A thermometer is an instrument for measuring
temperature. A simple thermometer is made of a
thin glass tube containing a liquid (mercury,
alcohol, etc.). The higher the body temperature,
the higher is the column of liquid in the tube.
Why?

a. The liquid molecules near the tube walls heat
up. They are lighter than the rest of the liquid
and therefore rise to the top. As a result, the
height of the liquid grows up.

b. The liquid molecules heat up and, as a result,
expand. Therefore, the volume of the liquid
increases.

c. Heat generated by the body enters between the
liquid molecules and thus increases its volume.

d. Body heat causes stronger movement and colli-
sions of the liquid molecules. As a result, the
volume of the liquid increases.

e. None of the above choices fits my basic view-
point. My basic viewpoint is
_____________________________________.

9. We hang a weight on a rubber band. The rubber
stretches. We heat the air around the rubber.
The rubber band will get shorter and pull the
weight up. Why?

a. Hot air molecules move faster than the rest,
collide the rubber strongly and cause the rubber
to zig-zag, which reduces its length.

b. Because of the accumulation of heat in the
rubber, a chemical reaction occurs between
the rubber molecules, and therefore, the distance
between the molecules decreases and they
“stick” to each other.

c. A rubber band is similar in structure to a chain.
Heating causes increased movement of the
rubber band molecules to the right and left,
which reduces its length.

d. The rubber band molecules expand due to
heating, entering into a chemical interaction
with each other, which reduces their volume.

e. None of the above choices fits my basic view-
point. My basic viewpoint is
_____________________________________.

10. We melt iron into a liquid state and then allow it
to cool. The iron will become solid. Its volume
will decrease. How?
a. The iron atoms’ volume decrease because of

cooling and they “stick” to each other.
b. Heat is released from the interatomic spaces. As

a result, the iron cools and the atoms come
closer each other.

c. While cooling, conduction electrons’ velocities
decrease and their collisions with the surrounding
atoms become weaker thus, causing the inter-
atomic distances to decrease.

d. Hot conduction electrons are emitted from the
iron. As a result, hot iron radiates red light and
its volume decreases as it cools.

e. None of the above choices fits my basic view-
point. My basic viewpoint is
_____________________________________.
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