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This study aims to make a thematic classification of possible misconceptions about solid friction by
reviewing papers in the literature which include conceptual difficulties about friction; in this way, the study
contributes to the literature. The study’s scope was limited to the dry friction that occurs with the interaction
of two solid objects, as this is included in several curricula. Papers in the literature addressing the
conceptual difficulties associated with friction were reviewed. Hence, 42 primary data sources (papers)
accessed from various databases were subjected to content analysis. Possible misconceptions about friction
were determined by the data collection techniques or tools of the study, the educational levels of the sample,
and the countries in which they took place. At the end of the study, a list of possible misconceptions about
solid friction were classified and listed under four themes: definition and existence, direction, type and
magnitude, and effects of friction. Most of the possible misconceptions are in the type and magnitude theme
and the least were in the direction theme. But friction is always opposite to the direction of the motion as a
possible misconception was detected in the highest number of papers. Related to this, the possible
misconception that friction prevents movement was frequently encountered. It was also found that both the
distinction between sliding and rolling friction and kinetic and static friction was often ignored. In addition,
some of the possible misconceptions were found to be similar regardless of country, culture, or education
system, as in the previous literature. One of the results of the study is that possible misconceptions are not
only held by the students but also held by teachers and preservice teachers. In this respect, the results of the

study are also considerable in terms of the direction of teachers in in-service training studies.
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I. INTRODUCTION

Individuals classify the facts according to their similar-
ities and differences by interacting with the environment
and developing structures in their minds; these structures
can be called concepts [1]. Constructing concepts is what
we call conceptualization, and is very important in educa-
tion. The concepts structured in the individual’s mind
constitute the cornerstones of the communication of sci-
entific thought [2]. It will be difficult for students who
cannot construct concepts well to make scientific knowl-
edge meaningful [3]. According to the constructivist
learning theory, any curriculum should have the following
three main recognitions [4]: (i) Prior knowledge affects
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learning. (ii) Students construct knowledge by performing
activities. (iii) Students need central concepts as they
construct their understanding. While the effect of prior
knowledge on learning is directly related to misconcep-
tions, constructing learning around central concepts free
from misconceptions is emphasized. These recognitions are
intertwined in the context of misconception.

The preknowledge that students bring with them when
they come to class has gained importance, along with
constructivist learning theory. In explaining the natural
phenomena occurring in the environment and making
inferences, individuals use the preknowledge obtained
through their life and construct their knowledge [5].
Various terms have been used to express the understandings
or the preconceptions that students demonstrate, including
children’s alternative conceptions, naive beliefs, ideas,
conceptual difficulties, intuitive knowledge, phenomeno-
logical primitives, prior knowledge, mental models, mis-
conceptions, and so forth [6—-10]. Whatever they are called,
the main aim is to understand the wrong and flawed
conceptions that impede learning or to identify the pro-
ductive components within these flawed conceptions to use
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them in other contexts [10]. For this reason, to use the term
misconception in this study was decided. Since learning is
the process of developing existing concepts or creating new
ones [11], when these concepts are not compatible with
existing scientific paradigms, they can be called miscon-
ceptions [12—15]. Misconceptions are obstacles to learning.
Many models based on the conceptual change approach, as
well as the accommodation and assimilation approach,
which are among the models for the remediation of mis-
conceptions, are suggested by various researchers [16].
It may be beneficial to define the misconceptions first to
implement practices related to conceptual change.

There are several different definitions of misconception
in the literature. We consider misconceptions as cognitive
structures that are not scientifically valid. Given this
definition, certain conditions need to be fulfilled for a
piece of knowledge to be labelled a misconception. First,
this knowledge should conflict with scientific knowledge;
second, this unscientific knowledge needs to be defended
as valid by individuals; third, individuals should be sure
that this unscientific knowledge is true [17]. It is thus
essential to question whether these three conditions are
present when detecting misconceptions. Situations that do
not meet all these three conditions are considered scientific
errors. In this context, it should be underlined that mis-
conception and scientific error are different concepts.
Examining papers on misconceptions, different diagnostic
tools, and techniques have been used to measure students’
misconceptions: Interviews [ 18], multiple-choice tests [19],
and multiple-tier tests [20-22] are some of them. Since
misconceptions are a cognitive process, data collection
tools such as multiple-tier tests and interviews that try to
measure the mind of the individual come to the fore.

Students may have misconceptions about the topic when
they come to the classroom. Since the constructivist
approach cares about students’ readiness, it is critical for
teachers to be able to predict which misconceptions the
students may have about the topic. That is why they should
know the misconceptions in the literature, and they can
make teaching more efficient. However, studies that the-
matically classify misconceptions in many topics and
review the current literature are quite limited.

A. Physics education and concept of friction

Learners use many mental models to understand physical
phenomena, and these models may involve multiple rep-
resentations depending on the context in which they occur
[23]. Many students have difficulties in understanding
various science subjects and may frequently have miscon-
ceptions. Several studies have found that physics is a
subject in which students have learning difficulties [24—26].
There are thus many papers on students’ misconceptions,
and how to detect these misconceptions and overcome
them. Indeed, it was determined in various studies exam-
ining the papers in science education that misconceptions

and difficulties in learning are among the most common
topics in this area [27-32].

In physics education, as in the education of other fields,
the conceptualization process plays a central role.
Conceptualization includes what the concepts mean, as
well as inter-conceptual relationships that allow scientific
interpretation of physical phenomena. This process facil-
itates the learning of scientific theories. According to
physics teachers who focus on conceptual teaching, learn-
ing mechanics is a specific problematic topic [33]. Many
studies have determined that students, teachers, and pre-
service teachers have a wide range of misconceptions about
force and motion, which are among the main topics within
mechanics [34—40]. Some of these misconceptions are
related to the concept of friction. This concept appears
in the literature as friction, friction force, frictional force, or
force of friction. In the current study, the preferred term is
friction. Friction refers to the electrostatically induced force
affecting objects in motion or due to two objects in contact
being forced into motion. Friction as used throughout this
study means the friction between two dry and solid
surfaces.

The concept of friction has a central role in mechanics in
the context of friction in rigid bodies. It must be acquired to
understand both the conservation of energy and Newton’s
laws. Friction is one of the concepts that students have
difficulty understanding, as have professional scientists
[41]. Friction in solids has been dealt with by many
scientists over time and various theories have been put
forward, in both macro- and microdimensions. The devel-
opment of scientific knowledge on friction has been
summarized by Corpuz [42] and Popova and Popov
[43]. The main events are as follows.

It is thought that the first systematic research on friction
belonged to da Vinci (1452-1519), but the first explanation
of sliding friction between inelastic solids was made by
Amontons (1663-1705). According to Amontons friction
is proportional to the normal force and independent of a
sliding solid objects’ surface area. Coulomb (1736-1806)
argued that kinetic friction is generally independent of the
relative velocity of the contacting surfaces. On the other
hand, he also specifically stated that friction depends on
relative velocity when the weight/surface area (W/A) ratio
of the object is too small or too large. Coulomb also noted
that friction changes slightly because of the surface area on
some pairs of surfaces (e.g., oiled wooden surfaces).
Another of his observations was that the static friction
coefficient is greater than the kinetic friction coefficient in
materials other than metals.

B. Friction in curricula

In studying friction, the aim is that students learn about
the effects of friction in their daily experiences. The
curricula of various countries show us this. For example,
the “importance of friction in everyday experience, e.g.,
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walking, use of lubricants, etc.” is emphasized in the Irish
physics curriculum [44], while one of the outcomes in the
physics curriculum for Ontario, Canada is “analyzes the
advantages and disadvantages of friction within mechanical
systems in real-world situations, as well as methods used to
increase or reduce friction in these systems” [45]. A related
outcome in Turkey’s physics curriculum is “gives examples
of the advantages and disadvantages of friction in daily
life” [46].

The curricular emphasis on friction in daily experiences
appears in various contexts and regarding very basic
activities such as walking, running, or holding objects.
Although we feel the effects of friction in every aspect of
our lives and it is impossible to create an environment in
which there is no friction in the Universe, modeling the
friction in a cause-and-effect relationship can be difficult.
This is because “friction at the microscopic scale is
mediated by electrostatic van der Waals interactions, while
at the macroscopic scale it is merely described as a contact
force between two surfaces in relative motion” [23]. It
should not be forgotten that microscopic friction is a
specific field that continues to be explored by experts
[47]. Curricula usually expect students to identify the type
and magnitude of friction to relate it to everyday life
rather than interpreting what friction is. For example, a
secondary school physics curriculum has an outcome of
“Analyzes the variables that contribute to frictional force”
with an explanation of “Compares static and kinetic friction
forces” [46].

Friction, which manifests different characteristics in
solids and fluids, primarily appears in curricula regarding
solids. Nevertheless, since the early 19th century, despite
the studies of Amontons and Coulomb and their different
findings [e.g., [48-50]], friction has been explained in
many textbooks in the following restricted ways:

e Friction is proportional to the normal force.

e Friction is independent of the surface area of solid

objects.

e Friction is independent of the relative velocity of the

contacting surfaces.

* The coefficient of static friction is slightly greater than

the coefficient of kinetic friction.

C. Purpose and importance

This study reviewed papers in the literature that included
possible misconceptions (PMCs) about friction and clas-
sified them thematically. Students often have difficulties
understanding solid friction, one of the topics within
mechanics [41]. It is thought that the classification made
within the scope of the current study will provide a rich
resource that will allow researchers and educators to see all
the PMCs about the friction so far identified. Given the
importance of learning, which is free from misconceptions,
it is considerable to know what the common misconcep-
tions about friction are or might be. Friction is listed as a

concept about which there are one or two misconceptions in
different topics in the literature, especially about Newton’s
laws of motion [51-53]. However, a previous study in
which misconceptions about friction were classified in
detail could not be found. Consequently, it is important to
review the studies in the literature on friction and to collect
the highlighted PMCs in a single study.

Teachers design educational programs and lessons and
are also expected to guide their students’ learning. They are
thus expected to know about the common misconceptions,
the sources of these misconceptions, and which miscon-
ceptions their students may have [54,55], as well as to be
able to deal with them [54]. The thematic classification that
emerges in this study provides an ongoing point of
reference for teachers and preservice teachers when dis-
cussing friction-related issues in their lessons. It may also
function as a reference for those students who take
responsibility for their own learning. The contextual state-
ments and terms that were used in the papers examined
were thus also included in the current study. Anyone
examining the thematic PMC lists is thus also provided
with information about the contexts in which PMCs
may arise.

It appears that there are problems with the definition of
friction in popular science books, university, high school,
and middle-school textbooks, and even in dictionaries [2].
It is hoped that the thematic PMC list presented here may
also be a reference for others. In addition, the study may be
beneficial for researchers and educators in terms of iden-
tifying the trends and gaps in the literature and determining
their future research paths, the measurement tools they will
develop, and the lesson plans they will prepare. Within the
scope of this study, answers were sought to the following
questions about academic papers on friction:

e Which PMCs have been identified in the papers?

e Under which themes can the PMCs identified in the

papers be classified?

II. METHOD

This study, which had a qualitative research design, is a
review study. Review studies are effective methods of
writing papers that allows for a systematic synthesis of
previous papers [56,57]. These studies can have more
power than single studies by combining the findings and
perspectives of different papers [58].

A. Data collection

To obtain the papers to be evaluated in this study, each
author of this study independently conducted a literature
search. Online databases (Web of Science [WoS],
Education Resources Information Center [ERIC], and
Google Scholar [G.Scholar]) containing publications in
the field of social sciences and educational sciences were
searched for papers about misconceptions. Friction,
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frictional force, misconception, etc., were used as key
words, in both Turkish and English. In addition to this,
attempts were made to find other papers related to friction
with the help of key words such as mechanics, Newton’s
laws, force, and motion.

In searching the literature, it was decided to include
papers about misconceptions, even if they did not use the
specific expression misconception. For example, expres-
sions like students’ ideas, common ideas, or common
difficulties were considered to indicate PMCs, and searches
were also made using these terms. Although these papers
did not specifically discuss misconceptions, all these terms
were regarded as potentially discussing misconceptions and
were investigated within the scope of this study. The
following inclusion criteria were applied to each paper:

e The paper must have been conducted in the field of

education.

e The paper must have been written in Turkish or
English.

¢ It must have included a discussion of PMCs about
friction.

* It must have been available in full text.

e It must have been a primary source: documentary
analysis of the papers, textbooks that listed miscon-
ceptions, and web pages presenting some papers’
results were not included. While examining the papers
within the scope of these criteria, we preferred to read
the whole paper, not just the findings or results and
conclusions. Thus, it was possible to see whether the
PMC was given based on the literature or was it
determined during the research process. PMC was
considered if it was derived from the research process.

1. Bibliometrics of papers

The study included 42 papers (see Appendix). For the
readers of this review, the bibliometric information of the
papers in which PMCs were identified may be important;
locale of the study, language, database, data collection
method or tool, sample level, and sample size of the papers
are summarized in Table I. The process allowed the
formation of Table I as follows: While determining the
countries where the research was conducted, the informa-
tion from which country the data of the study were
collected by using information such as the country, city,
or school. In only one research there is no information on
the country where the research was conducted. This
research was coded as “- - -” for location. While examining
the databases, primarily WoS was searched; then ERIC was
searched, then G. Scholar. Thus, for example, a paper that
can be found in both WoS and ERIC is seen as found in
WoS. While determining how the data of the papers were
collected and the sample levels, the information presented
in the methods section of the papers was taken directly. If
this information was not presented in the paper, it is
interpreted to other sections of the paper such as results

or appendices by the researchers. Interpreted papers are
indicated with a (**) in Table I.

As seen in Table I, the locales varied: 12 different
countries and one unknown country. Turkey was the
country from which most papers originated with 15 papers.
This was followed by Indonesia with six papers and the
United States with five papers. Three or fewer papers were
identified in other countries. One of the study’s limitations
was that we only had fluent knowledge of Turkish and
English, and the fact that we only reviewed papers in these
languages may have led to this result. However, only nine
of the 42 papers were in Turkish. The remaining 33 were in
English. Nevertheless, the number of papers in Turkish may
be seen as the reason for the high number of research
conducted in Turkey. If only papers in English had been
considered, the order of frequency would have been as
follows: Indonesia (n = 6), Turkey (n = 6), and the United
States (n = 5), with the other countries all featuring in
fewer than five papers. On the other hand, the paper counts
in the United States and the United Kingdom, where
English is common, are not very high.

The data collection techniques or tools of the papers
were varied. The most common data collection techniques
or tools were interviews (n = 16), multiple-choice tests
(n = 12), multiple-tier tests (n = 11: eight two-tier tests,
three three-tier tests, and one four-tier test), and open-ended
tests (n =9) in order of frequency. Many of the papers
included undergraduate students. Elementary school stu-
dents, graduate students, and teachers were included in a
small number of them.

B. Data analysis

The papers included in the review were used to create a
thematic PMC list by content analysis. Content analysis
organizes and interprets similar data by collecting them
under specific themes [59]. The data synthesis process took
three months. During this process, the following proce-
dures were carried out.

For coding of the data, we prepared a paper review table
to gather the data systematically. This table included the
following: the PMC, the data collection techniques or tools,
the educational levels of the sample, and the locale where
the research was conducted. The papers obtained were
shared among ourselves, and each one of us independently
filled out an analysis table. The table used and an example
of coding are shown in Table II.

To increase the reliability of the coding, the terms and
statements used in the papers were placed in the table as
direct quotes placed in the quotations of PMCs column. It
has been seen that in some papers PMC is expressed
independently of the context and in some of them in a
context. It has been represented in the tables in both cases,
by staying true to the essence of the paper.

We reached 42 codes from 42 papers, purely by chance
by merging the paper review tables. Then we classified
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TABLE I. Bibliometrics of the papers.
No. Locale Lang.* Database Data collection Sample level Sample size
1 NG EN ERIC Interview, Mixed-structure test High school science teachers 251
2 HR EN WoS Two-tier test First year undergraduate students 52
3 IT EN WoS Open-ended test Student teachers 58
4 TR EN G.Scholar  Two-tier test First year undergraduate students 36
5 | V4 EN WoS Drawing test, Interview 7th grade students 62
6 ID EN WoS Three-tier test Undergraduate students 28
7 PT EN ERIC Open-ended test Physics teachers; senior students 15
of physics education courses
8 e EN G.Scholar  Two-tier test First year undergraduate students 42
9 US EN G.Scholar  Interview Introductory college physics students 20
10 [N EN WoS Interview Introductory college physics students 11
11 US EN WoS Teaching interview Introductory college physics students 11
12 IT EN WoS Multiple-choice test Graduate students 20
13 GB EN ERIC Mixed-structure test First year undergraduate students 108
14 TR TR G.Scholar  Multiple-choice test First year undergraduate students 268
15 TR EN G.Scholar ~ Multiple-choice test 7th and 8th grade students 287
16 TR TR G.Scholar  Multiple-choice test 7th grade students 29
17 ID EN G.Scholar  Interview, concept First year undergraduate students 25
understanding test
18 ID EN ERIC Two-tier test, Four-tier test Senior high school 30
19 TR EN G.Scholar  Drawing test First year undergraduate students 54
20 TR EN ERIC Interview Sophomore university students 1
21 GB EN WoS Multiple-choice test Primary school teachers 159
22 TR EN WoS Open-ended test 12th grade 215
23 TR TR G.Scholar  Open-ended test 10th grade students; first year and 60; 120
last year undergraduate students
24 TR TR G.Scholar  Open-ended question 4th, 5th, 6th, 7th, 8th grade students 125
25 TR TR G.Scholar  Three-tier test 7th grade students 280
26 TH EN G.Scholar  Multiple-choice test 9th grade students 93
27 TH EN WoS Interview, Open-ended test First year undergraduate students 241
28 TH EN ERIC Teaching interview High-school students Unknown
29 TR TR G.Scholar  Interview, Open-ended test 6th grade students 20
30 ID EN WoS Interview, Multiple-choice 4th grade students 24
questions with reasons
31 US EN WoS Interview, Multiple-choice First year undergraduate students 387
paired problems
32 UsS EN WoS Multiple-choice test Undergraduate students 1331
33 AU EN WoS Group conversational interactions, 10th grade students 12
Two-tier test, interview, quiz
34 TR TR G.Scholar  Two-tier open-ended test, drawing 10th grade students 108
35 TR EN WoS Interview, Open-ended test Undergraduate students 116
36 IL EN ERIC Drawing, multiple-choice test Undergraduate students 68
37 IL EN ERIC Drawing, multiple-choice questions  Undergraduate students 180
38 TR TR WoS Two-tier open-ended test 10th grade students 186
39 HR EN WoS Multiple-choice & open-ended test ~ Undergraduate students 184
40 ID EN G.Scholar  Drawing test, Interview First year undergraduate students 33
41 ID EN WoS Interview, Two-tier test Sophomore university students 24
42 TR TR G.Scholar  Three-tier test First year undergraduate students 149

lang.: Language.
1t is not clearly stated on the paper. It is the common interpretation of the authors.

similar PMCs thematically, inductively. The preliminary
thematic classification was evaluated separately by two
groups of three people. One of us was excluded from the
discussions to maintain the objectivity of the comments and
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TABLE II. The table used to collect data during the research
process (columns related to bibliometrics of papers excluded).

Paper No. Reference Quotations of PMCs

“The frictional force direction
is always opposite with the
motion of the object.”

28 Prasitpong &
Chitaree (2010)

Thus, all the themes were formed inductively. In the
thematic list tables, each theme was presented with some
sample quotations which were taken directly from related
papers. In presenting the findings, at most two sample
quotations were given for each PMC. Since some PMCs
were detected in only one paper, if PMCs were detected in
more than one paper the following criteria were considered.
(1) If a PMC was detected in only one paper, the sample
quotation was given. (ii) If a PMC was detected in two or
more papers, the best two sample quotations that showed the
least similarity to each other in terms of content were
selected. This was done to try to ensure that all the elements
that made up a theme were represented. Furthermore, in
presenting the paper(s) (see Appendix) from which the
sample quotation(s) were selected, the numbers were given
in the parentheses after the sample quotation(s) in the tables.
Expert opinions were sought to determine the content
validity of the thematic classification. The classification of
authors was reviewed by seven experts with Ph.D.s in
physics education. Experts who had conducted papers
about misconceptions from three different universities in
Turkey contributed to the study. The teaching and research
experiences of these experts varies between 15 and 28 years.
The age range of the experts is 36 to 50. Two are female and
five are male. Their titles are as follows: One is a doctor,
two are associated professor doctors, and four are full
professor doctors. The degrees of agreement among the
experts were calculated separately for each PMC by the
kappa coefficient. The kappa coefficient has been proposed
as a measure of content validity and is a consensus index of
inter-rater agreement that adjusts for chance agreement
[60]. Wynd, Schmidt, and Schaefer argued that the kappa
coefficient provides information about the degree of agree-
ment beyond chance [61]. Like most consensus indexes of
interrater agreement, kappa provides consensus about the
relevance or nonrelevance of an item [60]. The kappa
coefficient adjusts better than other fit indices [61]. The
kappa coefficients of the PMCs varied between 0.66 and
1.00. The average kappa coefficients of each theme
separately were found to be 0.95, 0.91, 0.90, and 0.82,
respectively. The general average kappa coefficient was
found to be 0.89. A kappa value above 0.60 is interpreted as
substantial [62,63], and a value of 0.75 or above is
interpreted as excellent [62—-64]. After all, the excluded
author reviewed the data analysis for consistency by
reading all the tables, explanations, and discussions.

The final classification consisted of a total of 42 codes
and four themes. These themes were definition and
existence of friction, direction of friction, type and magni-
tude of friction, and effects of friction. Let us think of these
themes as a desk (Fig. 1). The desk board is in the center,
the supporting legs are on the sides, and the load is on the
desk board. Theme 1: The definition and existence of
friction, which is perhaps the basis of all PMCs, is the
desk board as the carrier board of the desk. Because if the
definition of a concept is unknown, it will be difficult to
interpret that concept. At the same time, to know the
definition of a concept, it is necessary to know about the
conditions in which it occurs. Therefore, the two features
were themed together. As well, its various properties should
be known to make inferences and comments about its
effects. So, our desk can be thought of as a three-legged
desk with type, magnitude, and direction since all the
PMCs we have dealt with related to direction were unbound
to the type, but some of the PMCs related to magnitude
were bound to the type. Thus, we assume that the desk we
created has two legs. Thus, two different themes emerged
for the supporting legs, namely, Theme 2: The Direction of
Friction, and Theme 3: The Type and Magnitude of
Friction. When the PMCs in these two themes come
together with the PMCs in theme 1, it is apparent that
they can also be the source of the PMCs in Theme 4: The
Effects of Friction. Theme 4 is the load that the desk should
carry. Considering our first goal in teaching friction is to
raise individuals who can make inferences and comment on
its effects.

According to Fig. 1, PMCs that are related to what
friction is (e.g., “Friction exerted on an object by the
supporting surface is its pulling force, friction is not a
force”) and the conditions on which the presence or
absence of friction depends (e.g., “Whenever there is
motion, there must be friction, no friction is acting on
an object that is at rest if an external force is exerted on it
and it stays at rest”) were included in theme 1. PMCs
related to the direction of friction (e.g., “Friction is always
opposite to the direction of the motion.”) were included in
theme 2. In this theme, expressions related to the direction
of motion, the direction of force or acceleration, and the
axis of friction have come together. PMCs related to the
type and magnitude of friction were included in theme 3.
Some of the PMC:s in this theme only discussed the type of
friction (e.g., “when the object moves, kinetic friction
always acts between the contact areas”), others only the
magnitude (e.g., “friction depends on the magnitude of the
contacting surfaces”), still others the type and magnitude
together (e.g., “static friction is at a minimum when the
object starts to move”). Finally, PMCs are related to various
effects of friction, such as energy transformations (e.g.,
“friction always converts mechanical energy into heat”) and
causing or preventing motion (e.g., “Friction always
hinders motion”) were included in theme 4.
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FIG. 1. Desk analogy of PMC themes.

III. RESULTS AND DISCUSSION

The results and discussion are presented in two main
sections. The first of these is themes and PMCs. The second
is the relationship between bibliometrics of papers and
PMCs with themes.

A. Themes and PMCs

We see two different misconceptions classifications
about friction in the literature. Akbulut classified miscon-
ceptions about friction under four headings: its interaction
with substance, its effect on velocity, its effect on tools, and
its effect on movement [65]. Develi and Namdar, on the
other hand, studied three themes: the definition of the
concept of friction force, situations where friction force is
effective, and the direction of friction force [2]. In this
study, 42 PMCs related to friction were detected. They are
inductively placed into four different themes which are the
direction of friction, the definition and existence of friction,
type and magnitude of friction, and the effects of friction.
The main difference with the older ones is that here the type
and magnitude of friction was also considered as a theme.

The aim of this new classification was not to squeeze the
available data into an existing thematic structure but rather
to create a thematic structure suitable for the data.

In the 1990s, many students had common misconcep-
tions about friction, and these were mostly about the
direction of the force [66]. But in this study about 31%
of the PMCs were in the type and magnitude of friction
theme, 26% were in the definition and existence of friction
theme, 26% were in the effects of friction theme, and 17%
of them were in the direction of friction theme.

1. Theme 1: The definition and existence of friction

11 different PMCs were found on the definition of
friction and its conditions of existence, from 18 papers.
Four of these (Al, A2, A3, and A4) were related to the
definition of friction, while seven of them (A5, A6, A7, A8,
A9, Al10, and All) were related to its conditions of
existence (Table III).

The PMC detected in five different papers discussing the
effects of friction, was A7. One of the PMCs detected in
four different papers was Al, which was related to the
definition of friction, while the other was A6, which was
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TABLE III. PMCs related to the definition and existence of friction.
No. PMC Sample quotation Paper No.
Al Friction is not a force. ... the status of friction as a force [is uncertain] ... 21, 25, 36, 42
(21) Friction is not a force... (25)
A2 Normal force and friction are the same. Normal force is equal to frictional force. (24, 38) 24, 38
A3 Friction exerted on an object by the supporting ... the frictional force exerted on a man ... by the 2
surface is its pulling force. supporting surface is considered to be his pulling
force. (2)
A4 Friction exerted on an object moving in the inclined ...frictional force [in the inclined plane] as a 2
plane is the component of gravity. component of gravitational force... (2)
A5 Whenever there is motion, there must be friction. Whenever there is motion, there must be a frictional 7
force [even if the object also rotates]. (7)
A6  Friction acts on objects that do not move even if an The friction force affects the stopping objects. (15, 15, 16, 23, 42
external force is not applied. 16, 23) The force acting on the wooden block
standing on a horizontal table is only friction [or]
... the weight of the block, the reaction of the
table, and friction. (42)
A7 No friction is acting on an object that is at rest even if ~ When an object remains at rest though there is an 1, 8, 13, 26, 37
an external force was applied to it and it stays at external force acting on it, the frictional force
rest. acting on the object is always equal to zero. (8)
No friction is acting on an object that is at rest even if
an external force was exerted to it and it stays at
rest. (26)
A8  Friction occurs only on one of the two objects in ...there is only a single friction force ... forget the 3
contact. force applied to a body below another body. (3)
A9  Friction only exists between two solid surfaces. Friction only exists between two solid surfaces. (25) 25
A10 When the object moves with a constant velocity, no When the object is pulled with a constant velocity, 27
friction acts. there is no force, no frictional force as well. (27)
All Friction does not act on the objects with increasing Among the staggeringly high proportion who did not 1

speed.

believe friction was present the most common
reason given to support this view was that the
person was speeding up on the slide. (1)

related to the effects of friction. All the remaining PMCs in
this theme were determined by one paper each.

Various PMCs were encountered about the definition of
friction, such as it not being a force or it being a type of force.
In addition to the statement “Friction is not a force” (25)
encountered in seventh-grade students in A1, some teachers’
stated that “the status of friction as a force [is uncertain]” (21).
These PMCs related to friction being a force may have
affected PMCs related to the PMCs that friction exerted on an
object by the supporting surface is its pulling force (2) in A3
and friction exerted on an object moving in the inclined plane
is a component of gravity (2) in A4. Driver, Guesne, and
Tiberghien stated that “If friction is not identified as a force,
students could develop an intuitive image that constant
movement requires a constant force” [2].

“Whenever there is motion, there must be a frictional
force (even if the object also rotates).” (7), which was
encountered in AS in physics teachers and senior students
of physics education courses, shows that static friction is
ignored in friction-related situations. In fact, friction is
defined over motion and slide in textbooks [2]. In this case,
is kinetic friction understood as being the only kind of
friction? Could the underlying reason for the PMC be that

friction is in the opposite direction to motion (theme 2)? On
the other hand, the statements, “The friction force affects
the stopping objects” (15, 16, 23) in A6, and “No friction
acts on an object that is at rest even if an external force is
exerted on it and it stays at rest” (26) in A7 show that there
are misconceptions about static friction.

In the A8, the statement is encountered that “there is only
a single friction force... forget the force applied to a body
below another body” (3), where friction is not thought to
act simultaneously on two surfaces in contact with each
other. However, in A9, although the statement “friction
only exists between two solid surfaces” (25) referred to the
situation as it relates to nonsolid surfaces, since this is
outside the limits of this study, the PMCs seen in the
literature were not included in the findings.

2. Theme 2: The direction of friction

Seven different PMCs were encountered regarding the
direction of friction, from 15 papers. Three of them (B1,
B2, and B3) relate to the direction of motion, three (B4, B5,
and B6) to the direction of force or acceleration, and one
(B7) to the axis of friction (Table IV).
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TABLE IV. PMCs related to the direction of friction.

No. PMC Sample quotation Paper No.
Bl Friction is always opposite to the When a person is pedaling a bicycle, the 3,5,6,7,8, 22,27, 28, 40
direction of the motion. frictional force acting on the rear wheel of
the bicycle is along the backward
direction. (8) The frictional force direction
is always opposite with the motion of the
object. (27)
B2 The direction of friction acting on the .. there is frictional force ... in the +x 34, 36, 37
moving object is in the same direction direction [direction of the motion on the
as the motion. inclined plane]. (34)
...others drew the friction in the direction of
the movement. (36)
B3 Friction is always opposite to the Friction force direction on the object is 6, 7, 40
direction of rotational motion. opposite to the rotation motion (6).
...if bicycle is moved to the front/left, the
wheel will rotate counterclockwise. The
direction of the rotation of the wheel
causes the direction of the friction force
towards the front/left. (40)
B4 Friction is always opposite to the The direction of the force to the right, so the 3,17, 19, 27
direction of the external force. direction of the frictional forces to the
left... (17)
Friction force is always opposite to the force
applied to the object. (19)
B5 The friction acting on the moving object The frictional force [acting on the moving 29
is in the same direction as the applied object] is in the same direction as the
force. applied force. (29)
B6 Friction is always opposite to the When the rider turns his bicycle at the corner 8, 27
direction of the acceleration. of the road, the frictional force acting on
the front wheel is in the outward direction.
(®)
The direction of the frictional force is
opposite with that of acceleration. (27)
B7 Friction is always horizontal. ...the friction force is [not] vertical or 3

oblique. (3)

Examining the PMCs in Table IV in detail, the topics of
rolling and translational movements stand out clearly in this
theme. Additional explanations are thus given below to
understand the contents of these PMCs:

B1 was detected in the highest number of papers (nine
papers). This PMC was identified separately in some of the
papers for translational motion, in some papers for objects
that make a rolling motion, and, in other papers, for objects
that make rolling and translational motions. Regardless of
which type of movement was determined, in all these
papers, the expression opposite to the direction of the
motion in PMC expressed the opposite of the translational
motion.

B2 was only encountered in three papers in examples of
objects that have translational motion. B3 was seen in three
papers that discussed rolling objects. This PMC is opposed
to B1 on the rolling motion. That is, in this PMC, it is
indirectly stated that the direction of friction is the same as
the direction of the translational motion. Rimoldini and

Singh also revealed that several students did not know the
meaning of rolling without slipping [67]. Some believed
that the objects would roll better if there were no friction;
others believed that an extremely large coefficient of static
friction does not allow for any movement, even if the
inclined plane is almost vertical. B3 may arise when the
effect and role of friction in the rotation of the rotating
object cannot be understood.

B4 was detected regarding translational motion in one of
the papers and regarding rolling motion in two of the
papers; in one paper it was not specified what kind of
motion is referred to. B5, which was found only in one
paper, was based on a general question asked of the
students (without specifying either translation or rolling
movement). B6, which was detected in two papers,
appeared in examples related to rolling objects in both
papers. Translational acceleration was mentioned in one,
while the centripetal acceleration was mentioned in
the other.
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B7 was determined in discussion of an object to which
horizontal force is applied in the vertical plane. Regarding
B7, the statement that embodies this is that “the friction
force is [not] vertical or oblique” (3). This may be a result
of overgeneralization by individuals due to the horizontal
direction often being used as a starting point for friction in
textbooks. Similarly, Rimoldini and Singh showed that
many students believed that the drag force was completely
vertical when helicopter wings are inclined at an angle with
respect to the horizontal [67].

All the papers used in determining B3 (three papers) and
B6 (two papers) were also used in determining B1. Thus,
these three PMCs may have a relationship. All three are based
on using opposition to determine the direction of friction.
They think that acceleration and the direction of motion are
parallel. Also, movement at the point of contact is relative
motion. Therefore, these PMCs may have occurred when
determining the direction of friction because the relative
motion of the contacting surfaces was incorrectly correlated
with the motion and acceleration of the object.

The contextual expressions about friction being opposite
to motion or acceleration were mostly related to rotational
motion. On the other hand, the PMCs regarding the
direction of the motion and the force or acceleration
direction were similar. These PMCs generally involve
the thought that friction always hinders motion and has
negative effects. Some of the papers discussing these PMCs
have also covered the relevant PMCs within the theme
effects of friction. From another point of view, the state-
ment that the direction of friction is opposite to the net force
that enforces the contact surface to slide may also be
misinterpreted.

3. Theme 3: The type and magnitude of friction

13 different PMCs about the type and magnitude of
friction were encountered, from 21 papers. Three of them
(CI1, C2, and C3) were related to determining the type of
friction, four of them (C4, C5, C6, and C7) were related to
the magnitude of static friction, one of them (CS8) was
related to the magnitude of the kinetic friction, and five of
them (C9, C10, Cl11, C12, and C13) were related to
interacting surfaces (Table V).

The PMC detected in six different papers, which was
associated with interacting surfaces, was C11. The PMC
detected in four different papers, which was associated with
the value of static friction, was C4. In addition, C5 was
determined in two papers, C10 in three papers. All the
remaining PMCs in this theme were determined by one
paper each. It can thus be said that C4 and C11 were more
common than the other PMCs in this theme.

The first three PMCs related to the type and the magnitude
of friction are about ignoring the effect of static friction on
rotational or rolling motion. The statement “When the object
moves; the kinetic friction always acts between the contact

areas (which are not sliding against each other)” (27) related
to C1, and the statement that “Static friction is worth a
minimum when the object will start to move.” (18), which is
related to C2, demonstrate this. The statement that “Kinetic
friction and rolling friction are equivalent designations for
friction: the first one is used for sliding objects, while the
second one is used for rolling objects.” (7), which is related to
C3, can be added to the previous two.

On the other hand, there are various PMCs regarding the
magnitude of static friction. These are seen in the state-
ments that “The static friction is always at the maximum
value” (31) in C4, that the “... magnitude of friction that
occurs on an object [at rest] is greater than the magnitude of
force deployed by someone who gives the force.” (30) in
C5, and with the statement that “... static friction... [does
not] varies in magnitude... depending on the external
force” (3) in C6. On the other hand, one PMC is
encountered regarding the transition from static friction
to kinetic friction. The statement in C8 is as follows: “If
there is a force of 10 N acting on a rest object on a plane and
the object moving with acceleration, this means a friction of
more than 10 N is acting on it” (26).

Two different situations are encountered in C9. One of
them was the statement that “... if the surfaces are made
smoother the friction will decrease and eventually approach
zero as depicted” (9) in C10; the other was “The friction
force depends on the surface area of the object” (15, 16) in
Cl11 or the statement that “The bigger the surface, the
bigger the friction coefficient” (4) in C12. Here, the
relationship between the roughness of the surface and
the friction, and the relationship between the size of the
surface and the friction may be related, because a person
who thinks that each different degree of roughness in a unit
area will create separate friction may think that the rough-
ness increases quantitatively, and that the resultant friction
will increase as the area increases. The idea that “The
bigger the surface, the bigger the friction coefficient”
(4) was encountered in C12, while “the bigger the mass,
the bigger the friction coefficient” (4) was encountered in
C13. The reason for the emergence of these PMCs can be
thought to be the misconception identified by Hapkiewicz
that “Big objects exert a greater force than small objects.”
[68]. Also, friction is often understood at the macroscopic
level, and as a result, students do not develop cognitive
structures related to microscopic phenomena [69]. In a
similar paper, Kurnaz and Eksi also noted that most
students think of friction as occurring at the macroscopic
level and have difficulties conceptualizing it at the micro-
scopic level [41].

4. Theme 4: The effects of friction

11 different PMCs about the effects of friction were
encountered, from 13 papers. Three of them were related to
energy transformation (D1, D2, and D3), four of them (D4,
D5, D6, and D7) were related to causing or preventing
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TABLE V. PMC:s related to the type and magnitude of friction.

No. PMC Sample quotation Paper No.
Cl When the object moves; the kinetic friction When the object moves; the kinetic friction always 27
always acts between the contact areas. acts between the contact areas [which are not
sliding each other]. (27)
C2 Static friction is worth a minimum when the Static friction is worth a minimum when the object 18
object will start to move. will start to move. (18)
C3 Kinetic friction and rolling friction are Kinetic friction and rolling friction are equivalent 7
equivalent designations for friction: the first one is used for
sliding objects, while the second one is used for
rolling objects. (7)
C4 The static friction is always at the maximum When a body remains at rest, frictional force always 8, 12, 31, 32
value/uN. acts on the body with its magnitude equals to
fr = uR. (8)
The static friction is always at the maximum value.
@B
C5 Friction that occurs on an object at rest is ...magnitude of friction that occurs on an object [at 30, 33
greater than the applied force. rest] is greater than the magnitude of force
deployed by someone who gives the force. (30)
However, they both maintained that the force was
smaller than friction when the car remained
stationary... (33)
Cco6 Magnitude of static friction does not depend ...static friction ... [does not] varies in magnitude ... 3
on external force. depending on the external force. (3)
C7 Coefficient of rolling friction depends on ...coefficient of rolling friction on a solid sphere is 41
moment inertia. smaller than a hollow sphere because the moment
inertia of a solid sphere is smaller than a hollow
sphere. (41)
C8 If an object at rest begins to accelerate with If there is a force of 10 N acting on a rest object on a 26
the effect of an external force, the friction plane and the object moving with acceleration, this
is greater than the external force. means a friction of more than 10 N is acting on it.
(26)
Cc9 Friction depends on the interaction surface. Friction force depends on the interaction surface. 19
19)
C10 If the surfaces are made smoother the friction .. if the surfaces are made smoother the friction will 9, 10, 11
will decrease. decrease and eventually approach zero as depicted.
)
...the relationship between roughness and friction is
linear. (11)
Cl1 Friction depends on the magnitude of the ...the larger the surface, the larger the friction force. 4, 13, 15, 16, 34
contacting surfaces. (4) The friction force depends on the surface area
of the object. (15, 16)
Cl12 The bigger the surface, the bigger the friction The bigger the surface, the bigger the friction 4
coefficient. coefficient. (4)
C13 The bigger the mass, the bigger the friction The bigger the mass, the bigger the friction 4
coefficient. coefficient. (4)

motion, and four of them (D8, D9, D10, and D11) were
related to frictionless environments (Table VI).

The PMC detected in seven different papers, which was
associated with hindering motion, was D4. The PMC
detected in three different papers, which was associated
with causing or hindering motion, was D7. All the other
PMC:s in this theme were determined by one paper each. It
can thus be said that D4 and D7 were the most common
PMC:s in this theme.

“The energy lost during friction turns into heat” (20),
related to D1; “... frictional forces are always associated

with losses of mechanical energy” (39) related to D2; and
“The presence of friction must affect the work done by you
(even if you apply the same force over the same distance)”
(31) related to D3 were encountered in terms of the role of
friction in energy transformation. Sherwood and Bernard
stated that the kinetic energy of an object moving at a
constant speed on a frictional ground does not change, but
the object warms up due to friction and increases its thermal
energy. They stated that to solve this paradox, there should
be expressions about different types of energy in the work-
energy equation [70]. Most of the related statements are
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TABLE VI. PMCs related to the effects of friction.
No. PMC Sample quotation Paper No.
D1 Friction always converts mechanical energy The energy lost during friction turns into 20
into heat. heat. (20)
D2 Friction is always associated with losses of ... frictional forces always is associated with 39
mechanical energy. losses of mechanical energy. (39)
D3 The presence of friction must affect the work The presence of friction must affect the work 31
done by external force. done by you (even if you apply the same
force over the same distance). (31)
D4 Friction always hinders motion. ...a sphere rolling without slipping across a 12, 14, 22, 25, 31, 35, 38
rigid and rough horizontal plane is ...
slowed by friction (12)
Friction always hinder motion. (31)
D5 The effects of friction are always negative. ... friction almost exclusively as a 3
disturbance to be minimized... (3)
D6 Kinetic friction is responsible for keeping the ~ Kinetic friction is responsible for keeping the 31
object at rest on an incline. car at rest on an incline. (31)
D7 Static friction does not cause motion. ... the static friction force as a force that can 3,57
[not] produce motion. (3)
.. for any rolling object such as tire of a
vehicle or a ball, the only external force
that allow these objects to roll forward is
the forward friction. (5)
D8 Newton’s laws are invalid in a frictionless ... There is no friction in space then this law 35
medium. [F,e. = ma] is not valid in space. (35)
D9 Objects do not touch the ground on a .. without friction, the feet of the sleigh do 24
frictionless surface. not touch the ground, so it goes in the air a
little [higher than the ground]. (24)
D10  Round objects on a frictionless inclined plane .. a sphere on a frictionless inclined plane 12
do not slide without rolling. [does not] slides without rolling. (12)
D11 Balance cannot be maintained on frictional ...balance cannot be maintained on frictional 38

surfaces.

surfaces. (38)

pejorative and attribute negative characteristics to friction.
The statement that “Friction always hinders motion” (31)
can be interpreted in this light. On the other hand, D6,
which emerged from confusing kinetic friction and static
friction, is represented by the statement “Kinetic friction is
responsible for keeping the car at rest on an incline” (31).
Ignoring the effect of static friction on the motion encoun-
tered in theme 3 finds expression in the statement that *...
the static friction force as a force that can(not) produce
motion” (3) in D7. Develi and Namdar investigated the
definitions of friction force in 26 textbooks [2]. They found
that when explaining friction force, the textbooks studied
used the concept of motion to define or explain friction
force, while the idea of sliding was used to describe
situations where friction is encountered in everyday life.
When friction force is defined using the concept of motion,
it is mostly expressed as a force that hinders motion. They
thus concluded that referring to the concept of motion
might not be a suitable choice when describing fric-
tion force.

It is noteworthy that D8 was encountered in a paper. The
related statement was as follows: “... There is no friction in

space then this law (F,.; = ma) is not valid in space.” (35).
Following this, the statement that “... without friction, the
feet of the sleigh do not touch the ground, so it goes in the
air a little.” (24) was encountered in D9, and the statement
that ... balance cannot be maintained on frictional
surfaces” (38) was encountered in DI11. It is noteworthy
that all these statements were obtained from papers con-
ducted in the same country. On the other hand, a similar
PMC, D10 from a different country is expressed in the idea
that ““... a sphere on a frictionless inclined plane (does not)
slides without rolling.” (12) regarding spherical objects.
Individuals in the research’s target groups often ignored
the distinction between sliding and rolling friction.
Although various studies, e.g., Refs. [71,72], have been
conducted to teach students about friction in rolling motion,
there is no paper investigating the reasons for ignoring this
distinction. On the other hand, the issue of rolling friction is
an issue that has not been adequately researched yet. For
example, “for sliding friction, the Amontons-Coulomb law
clearly states the proportionality between the friction and
the normal force, the rolling friction torque and normal
force dependency is assumed linear in some references and
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nonlinear in others” [73]. This situation may cause teachers
to hesitate to teach this topic in detail and may explain why
it has been ignored; it can be a difficult topic to learn.

B. Relationship between bibliometrics
of papers and PMCs with themes

When the notion of conducting a study on misconcep-
tions arose, it seemed that the literature might already be
well served and even saturated by studies of this nature.
Ecevit and Simsek, two of the researchers who hold this
view, found that the number of studies on misconceptions
had decreased in recent years, and they attributed this
decrease to there being enough studies on misconceptions
[74]. However, the fact that 15 of the 42 papers on the
friction accessed in this study were published in the last five
years shows that the studies of misconceptions continue
today. In addition, in most of the papers, friction appears as
a subproblem, not a direct research problem [6]. In the
current study, only 16 out of 42 papers were about friction
directly.

1. The locales on the papers

The locale on papers varies for some PMCs (A1, A7, B1,
B2, B3, B4, C4, C5,C11, D4, and D7). The other 31 PMCs
were detected in single countries. Some have even been
diagnosed in more than one paper in the same country.

It can be said that PMCs detected in different locations
exist independently of culture. However, it cannot be
known whether those detected in single countries are
independent of culture. Therefore, it should be investigated
whether PMCs detected in only one country are also seen in
other countries. It is known that some misconceptions arise
depending on the culture and the daily language in that
region [3,5]. Such PMCs are local and can be tried to
remediate linguistically and culturally. However, this does
not apply to those who are independent of culture.

2. The sample levels on the papers

It can be said that the sample levels on the papers
reviewed in this study range from elementary school level
to teachers. However, the distribution of sample levels is
not homogeneous. The most common sample level in
papers were undergraduate students. Elementary school
students, graduate students, and teachers were included in a
small number of papers. Preschool students were not
included in any paper. Based on the themes, the most
common sample level for each theme is undergraduate
students. No elementary school students and graduate
students were included in the papers within theme 1 and
theme 2. In addition, no teachers were included in the
papers in theme 2.

Canlas also examined the literature to determine pre-
conceptions related to friction and found that most of the
existing studies on the subject were at the undergraduate

level [6]. This was also the case in other studies [7,8] that
reviewed various educational journals that are indexed in
the social sciences citation index. In a study examining
some journals with high impact factors, it was determined
that half of the articles in the journals were conducted with
elementary school and high school students, and the other
half with teachers and undergraduate students [9]. While
similar results determined in these four studies published in
four different education journals reveal the research tend-
encies of the educators, it is still unexpected for this study
of PMC:s. Since friction is involved as a curricular topic at
all levels of education up to university, it is surprising that it
has never been studied with preschoolers. Misconceptions
do not have only one period of education and can continue
throughout life, starting from preschool [74]. As a matter of
fact, in the papers reviewed in this study, it was seen that
some PMC:s existed at a single education level, while some
PMCs existed at more than one education level, and even
among teachers.

3. The data collections on the papers

When the data collection techniques or tools on the
papers were evaluated, it was seen that there were two
issues in general. The first is related to the selection of data
collection techniques or tools on the papers, and the other is
related to the fact that friction force is not included as a
research topic on its own in the studies. These two issues
are described below:

The most common data collection techniques or tools on
the papers reviewed in this study were, in order of
frequency: interviews, multiple-choice tests, multiple-tier
tests, and open-ended tests. When the themes are taken as a
basis, even though the rankings have changed, multiple-
choice tests took place more than multiple-tier tests in all
themes except for theme 2. In theme 2, drawing tests
outweighed multiple-choice and multiple-tier tests. The
reason for this situation is that theme 2 is related to the
direction of the friction. In this respect, the results of the
studies we have been able to reach, regarding the selection
of data collection techniques or tools in the literature are as
follows: Canlas examined previous studies and presented
the probing strategies used in determining preconceptions
of students about friction in a table. According to this table,
multiple-choice assessments and interviews were mostly
included in the studies, respectively. Open-ended questions,
problem-setting questions, and multiple-tier questions fol-
low with equal frequency [6]. Soeharto, Csapd, Sarimanah,
Dewi, and Sabri investigated the diagnostic tools in 111
articles published from 2015 to 2019 [75]. They found that
the most common diagnostic tools were, in order of
frequency, multiple-tier tests, ordinary multiple-choice
tests, open-ended tests, and interviews. Kaltak¢i-Giirel,
Eryilmaz, and McDermott stated the order of frequency
as interviews, then open-ended tests, multiple-choice tests,
and, finally, multiple-tier tests [10]. Also, Yavuz examined
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64 master’s and doctoral theses related to misconceptions
and stated that conceptual understanding tests and inter-
views were used the most in these theses [76]. Many tools
(multiple-choice tests, multiple-tier diagnostic tests, draw-
ings, word association tests, concept inventories, online
diagnostic tests, open questionnaires) or techniques (clinical
interviews, observation, concept maps, structured commu-
nication grid, mind maps, role-playing, card sorts, models,
apparatus) can be used to determine misconceptions [55].
Some of these were used in the papers reviewed here and
studies mentioned above too. On the other hand, Kaltakci-
Giirel, Eryilmaz, and McDermott state that studies focusing
on conceptual understanding and methods to diagnose
misconceptions validly and reliably have great importance
[10]. Although there is no consensus in the literature on
which technique or tool is the best in determining mis-
conceptions, there are studies that summarize the strengths
and weaknesses of interviews, open-ended tests, ordinary
multiple-choice tests, and multiple-tier multiple-choice tests
[10,75]. When these studies are examined, although the
interviews have many weaknesses (need specific skills to
conduct interviews, interviews’ data analysis is difficult and
subjective, etc.), they will be successful in measuring the
misconceptions if they are structured correctly because they
have significant strengths (provides in-depth explanation
data, the flexibility of item questions, etc.). In these studies,
itis also seen that multiple-tier multiple-choice tests have all
the strengths of ordinary multiple-choice tests (provides
time efficiency, objectively scored, etc.), and in addition to
these strengths, additional strengths (provides an opportu-
nity to assess the proposition of student reasoning, truly
assesses misconceptions which are free of errors and lack of
knowledge, etc.) are added as the number of stages
increases. Since multiple-tier tests have significant
strengths, their preference in identifying misconceptions
will strengthen the determination of misconceptions.
Because of the nature of misconceptions, considering the
strengths and weaknesses of data collection techniques or
tools, it would be more appropriate to use those that
minimize randomness. From this perspective, while it is a
positive situation that the papers examined in this research
have the most interviews among the data collection tools, it
can be considered as a negative situation that the number of
multiple-tier tests is equal to multiple-choice tests. In
addition, the low number of three-tier tests and four-tier
tests can be considered as a negative situation.

When evaluating how friction was included in the data
collection techniques or tools of the papers, it was seen that
the techniques or tools used in the papers were extensive
and generally contained only a limited number of questions
about friction. This can be explained by Canlas’ comment
that in most studies that diagnosed students’ misconcep-
tions, friction is not a direct research problem but a sub-
problem [6]. Multiple-tier tests have been developed on
various topics [20,77-80]. However, no test has been found

in the literature about friction alone. The fact that friction
was included in only a few questions in the data collection
techniques or tools indicates that the contents of friction
were considered very narrowly in the papers. The essential
point that should be considered here is how well the
technique or tool used can detect conceptual responses.
In their study, Ecevit and Simsek investigated how teachers
detected their students’ misconceptions; the answer was
mostly through discussions during the lesson [74].
However, they stated that the discussions were kept as
short as possible and avoided any issues that would require
a longer duration to explain. Failure to use an appropriate
technique or tool for the detection of misconceptions will
not provide precise information about what kind of
cognitive structures individuals have, and it will become
controversial whether undesirable situations in these struc-
tures arise from misconceptions or conceptual confusion.

IV. CONCLUSION

This study reviewed papers in the literature that included
PMCs about solid friction and classified the detected PMCs
thematically. This classification brought to the foreground
four different themes that need to be addressed in the
teaching of friction: the definition and existence of friction,
the direction of friction, the type and magnitude of friction,
and the effects of friction. Most of the PMCs were in the
type and magnitude theme and the least are in the direction
theme. But friction is always opposite to the direction of the
motion as a PMC was detected in the highest number of
papers. Related to this, the PMC that friction prevents
movement was frequently encountered. It was also found
that both the distinction between sliding and rolling friction
and kinetic and static friction was often ignored.

To conclude, the techniques or tools used for detecting
these PMCs were usually interviews, multiple-choice tests,
multiple-tier tests, and open-ended tests. One of the
remarkable findings of this study is that measurement tools
that measure behavior, especially the multiple-choice tests
developed to determine the individual’s scientific knowl-
edge, are also used to diagnose misconceptions, which is a
type of cognitive knowledge. However, considering that
scientific knowledge and misconceptions are different
cognitive structures, how effective measurement tools that
measure behavior are in detecting misconceptions is a
separate issue. Also, the fact that the same PMCs occurred
in countries where different languages were spoken is an
interesting finding of the study.

Considering the effects of the research results on the
learning environment, thematic classification of the PMC
related to friction supports the gains in curriculums. For
example, in the physics curriculum used in Turkey [46],
“the static and kinetic friction forces are compared, the
direction of the friction force in sliding and rotating objects
is explained with examples” are included in the explanation
of the outcomes related to friction while one of the
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Canadian, Ontario physics curriculum outcomes is “analyze
the force of friction, coefficient of static friction, and
coefficient of kinetic friction” are included [45]. In line
with these detailed explanations in the curriculums, it
can be considered that the thematic classification lists
obtained as a result of the study will help to better under-
stand the subject of friction by the students. One of the most
important tasks of teachers in the learning process is to
identify the intuitions or alternative concepts that students
have already acquired about friction. These intuition and
alternative concepts in the minds of students prevent mean-
ingful learning of the subject of friction. PMCs and methods
of detecting PMCs obtained as a result of the study will help
teachers in this process. In addition, one of the results of the
study is that PMCs are not only in the students but also
determined in teachers and preservice teachers. In this
respect, the results of the study may also be considered in
terms of the direction of teachers in in-service training studies.

A. Limitations

This study’s scope is limited to the dry friction caused by
the relative motion of two solid bodies against each other,
for which classical friction models are valid. The fact that
other studies in the literature may not have been included or
may have been overlooked due to database and key word
selection, since only publications written in Turkish and
English were included are limitations of this study.

When using the classical friction models of Amontons
and Coulomb, these models will not be valid in some cases,
because they performed their limited number of experi-
ments using a limited number of materials (e.g., metal and
wood), and for a limited number of conditions (e.g., sliding
friction of solids). Many materials such as wood, ceramics,
and metals do conform to the classical friction model [81].
On the other hand, many materials, such as flexible
materials, diamonds, polymers, Teflon, and rocks, do not
comply with these general principles [82]. Some may differ
by friction surface area, others by velocity. This study has
identified such exceptional cases as limitations.

B. Suggestions

This study did not consider the differences between
scientific errors and misconceptions. All the PMCs found
in the literature were included in the study. Using the
thematic PMC list that emerged in this study will be
beneficial in unearthing real misconceptions, which are
not simple mistakes or lack of knowledge, and investigating
their underlying causes.

Many PMCs regarding friction at both the macroscopic
and microscopic levels are listed. These PMCs do not
appear only in students. Also, teachers and teacher candi-
dates have these PMCs. As suggested by Kurnaz and Eksi,
it may be helpful to evaluate how it is currently taught
before looking for new ways to teach friction at both
microscopic and macroscopic aspects [41].

The diversity of misconceptions and their relations with
each other are considerable. Although the type and mag-
nitude of friction, which is one of the inductively created
themes in this study, was not encountered in previous
classifications, it corresponds to 31% of the PMCs reached
in this study. It may be beneficial for researchers and
teachers who will study friction to consider this situation.

Many tests related to various concepts in physics have
been developed and they are used in much research.
Among these tests, those related to force, motion, and
mechanics may also include the concept of friction. The
Force Concept Inventory [83], the Force and Motion
Conceptual Evaluation [84], the Mechanic Baseline Test
[85], and the Two-Tier Physics Questionnaire [86] can be
given as examples of these. Although these tools have been
tested in many papers, they are mixed tests that try to
diagnose many related concepts at the same time rather than
focusing on a specific concept. So, their validity in
determining conceptual processes is a matter of debate.
This study has revealed that there are already many PMCs
about friction. It is not possible to include all these PMCs in
mixed tests. Therefore, it would be beneficial to prepare
more reliable and valid diagnostic tests by considering each
theme separately. For this, a measurement tool should be
used that can consistently examine the process of mis-
conceptions as interviews and multiple-tier tests.
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