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The concepts of the Coriolis and the centrifugal force are essential in various scientific fields and they are
standard components of introductory physics lectures. In this paper, we explore how students understand
and apply concepts of rotating frames of reference in the context of an example lecture demonstration
experiment. We found in a predict-observe-explain setting that after predicting the outcome prior to the
demonstration, only one out of five physics students correctly reported the observation of the trajectory of a
sphere rolling over a rotating disc. Despite this low score, a detailed analysis of distractors revealed a
significant improvement in the distractor choices during the observation of the experiment. In this context,
we identified three main preconceptions and learning difficulties: The centrifugal force seems to be only
required to describe the trajectory if the object is coupled to the rotating system, the inertial forces cause a
reaction of an object on which they act, and students systematically mix up the trajectories in the stationary
and the rotating frame of reference. Furthermore, we captured students’ eye movements during the predict
task and found that physics students with low confidence ratings focused longer on relevant task areas
than confident students despite having a comparable score. Consequently, this metric is a helpful tool for
the identification of preconceptions using eye tracking. Overall, the results help us to understand the
complexity of concept learning from demonstration experiments and provide important implications for
instructional design of introductions to rotating frames of reference.
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I. INTRODUCTION

Rotating frames of reference play an important role in
a variety of fields in physics. Accordingly, Coriolis and
centrifugal terms need to be considered for an accurate
account of the theoretical description of the motion of
an object in rotating reference frames. While the Coriolis
force was originally introduced to describe the energy
transfer in water wheels, nowadays it is applied to problems
in meteorology [1,2], oceanography [3], astrophysics [4],
optics [5], and nuclear physics [6]. Given this wide range of
applications, the Coriolis and the inertial centrifugal force
(ICF) are sometimes topics in introductory physics courses
in college-level education and, accordingly, there are a
large number of experiments and open online materials
[7–13] which intend to demonstrate the Coriolis effect, i.e.,
the apparent deflection of an object by the Coriolis force.
Moreover, there are several mechanics textbooks which

derive the equation of motion of objects in non-inertial
frames of reference [14–22] or contain a descriptive
approach to the topic [23–27]. However, there are several
shortcomings and false accounts outlined below, potentially
causing incoherent conceptions and complications in stu-
dents’ understanding.
In this paper, we explore how students understand and

apply concepts of rotating frames of reference in the direct
context of an example lecture demonstration experiment.
Therefore, we identify and study relevant preconceptions,
the non-obvious learning effect of experiment observation,
and the relationship between response security and duration
of focus on relevant areas (as measured by eye tracking).
The paper is structured in the following way. After this

introduction, an overview of the current state of research and
the preliminary work follows in the second section and the
third section explains the materials and methods used in
this work. The subsequent section contains the results of the
predict-observe-explain (POE) test including self-confidence
ratings, student interviews, and eye-tracking data in the
context of an example demonstration experiment of rotating
frames of reference. Then, these results are discussed in the
context of previous literature and, eventually in the final
section, we conclude the manuscript with the main conse-
quences of the results for physics education research.
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In this work, we address three research questions:
(1) What is the influence of a lecture experiment

demonstrating the motion of objects in non-inertial
frames of reference on learning about the outcome of
the demonstration?

(2) What are the prevailing preconceptions of physics
students in the field of non-inertial frames of
reference?

(3) Is there a specific eye-movement pattern that relates
to the performance or confidence of physics students
within a POE setting?

II. CURRENT STATE OF RESEARCH AND
PRELIMINARY WORK

A. Simplified conceptions of the Coriolis effect
and the centrifugal force

A theoretical framework containing the equation ofmotion
of an object described in a rotating frame of reference (RFR)
(also termed non-inertial frame of reference) is provided in
Sec. A 1. In simplified depictions of a curved trajectory of an
object in a RFR, the Coriolis force is often presented as the
only cause for the deflection [7–13]. However, according to
Eq. (A2) (see Appendix), the ICF also acts on the object in a
vector sum with the Coriolis force. The fact that the ICF is a
necessary quantity to describe the trajectory of an object in
a rotating frame of reference can be understood from two
arguments of a thought experiment.

(I) Let us imagine a situation where a plane flies in a
uniform motion over a large rotating disc starting
from the center of rotation. If an observer located on
the disc used the Coriolis force for the description
of the curved trajectory only, they would calculate
that the plane returns to the center of rotation at some
point in time because the Coriolis force is always
perpendicular to the direction of motion thus leading
to a circular trajectory. For an observer in an
stationary frame of reference (SFR), however, it is
obvious that this case would not occur because the
plane flies in a uniform motion due to the absence of
any real force. In reality, the plane would pursue a
spiral trajectory for the observer in the RFR which is
the consequence of the vector sum of the inertial
centrifugal force and Coriolis force.

(II) During the aforementioned motion of the plane, the
absolute value of the velocity jv⃗0j in the RFR would
increase according to Eq. (A1) because v⃗0 is a vector
sum of two perpendicular vectors, the velocity in the
SFR v⃗, which is constant and the inverse transverse
velocity −ω⃗ × r⃗ of the rotating disc which increases
with increasing distance r to the center of rotation
(see Sec. A 2 for a derivation). Since the Coriolis
force is always perpendicular to the direction of
motion (given by v⃗0), it cannot be the reason for this
apparent increase in jv⃗0j. Only the centrifugal force

that points outwards from the center of rotation can
be responsible for this effect.

B. Why does the concept of inertial forces potentially
cause problems for students?

In some depictions of RFR the centrifugal force is
neglected when an object, which is moving in a RFR,
does not experience an interaction to the RFR. For instance,
in Ref. [28], the author states that “the centrifugal effect is
eliminated if there is no interaction between the rotating
disk and the body, like a ball rolling on the disk without
friction.” This preconception that the centrifugal force only
occurs, when the object is somehow coupled (e.g., by
friction or a rope) to the rotating system [28] is potentially
guided by empirical experiences, such as the feeling of a
force pointing outwards when sitting in a carousel or in a
car driving through a turn, i.e., the body reacts to the force
because the person is actually partially coupled to the
rotating system. This seems to be in conflict with the
characteristic that fictitious forces do not occur as a action-
reaction pair with another force [29]. This cognitive
dissonance can be resolved by discriminating between
the centrifugal force which occurs as a consequence to a
centripetal force (here termed “reactive centrifugal force,”
RCF, see Appendix, Sec. A 3 for an example of the RCF)
and the one which occurs as a fictitious force in a RFR
(“inertial centrifugal force,” ICF) [30] which occurs as a
consequence of a description from a rotating frame of
reference. Sometimes textbooks and scientific articles lack
this helpful linguistic distinction between RCF and ICF
[14,17,28,31,32]. The reason for this could be that the
mathematical equations are the same, only the situations in
which they occur and how they are perceived are different.
For the occurrence of the RCF, a coupling to the RFR is
indeed required so it occurs when a centripetal force occurs.
For the occurrence of the ICF, a coupling to the RFR is not
required. Accordingly, the occurrence of a centripetal force
can be perceived (and might be related to the occurrence of
the RCF) when driving through a turn or sitting in a merry
go round, whereas the occurrence of the ICF, for instance,
for a passenger in an airplane flying in a uniform motion
over a rotating disc, cannot be felt.
Apart from the RCF and ICF, a centrifugal force term

may also occur as a d’Alembert’s force as pointed out by
Kobayashi, which is an inertial resistance and occurs as a
consequence of a coordinate transformation [30] to plane
polar coordinates and has the form “mass × centripetal
acceleration.” The centrifugal force as an inertial resistance
is not part of the work here but certainly adds to the
complexity in teaching and learning of inertial forces.

C. Experimental lecture demonstrations and
students’ understanding of the Coriolis force

Lecture demonstrations in the classical sense mean the
demonstrations of experiments by the lecturer during class
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while the students passively observe the presentation.
The intention of the lecturer is often that the students
process the information and understand their observations
by integrating it into their conceptual knowledge [33].
Unfortunately, despite their regular use in introductory
physics lectures, it has been shown that demonstrations will
have little effect on students’ conceptual learning if the
students passively observe the experiments [34]. At the
same time, the correct observation of a lecture demon-
stration is a necessary prerequisite for conceptual learning
[33]. Please note that the phrase “correct observation”
refers to the ability to correctly report the outcome of a
lecture demonstration, such as a trajectory of an object or a
velocity change, without applying physical principles or
relating it with previous knowledge.
In this context, POE is an interactive teaching scenario

that can be implemented during experimental lecture
demonstrations [35–37]. While it is sometimes proposed
as an eight-step approach, here we reduce it to three central
steps [38,39]. First, in the predict phase, the students are
asked to make an educated guess of the outcome of the
experiment. This step helps to initiate learning processes by
reflecting on and relating to theoretical backgrounds and
thus forming a mental model which links the theory to the
experiment [39]. In the second, i.e., the observe phase,
the experiment is demonstrated and the students visually
perceive its process and outcome. Here, students are
expected to relate their observation to the previously
anticipated result and, consequently, approve or reconsider
their mental model [36]. In the final, i.e., the explain phase,
the outcome of the experiment is revisited, typically by the
teacher. In this part the teacher explains the established link
between the theory and the outcome of the experiment. In
this way, using POE in class provides the opportunity for
the teacher to interact with the students and it can be used to
stimulate discussions among peers.
In our work, we included the predict phase because we

intended to assess to pre-instructional and predemonstra-
tional student understanding about the experiment. These
data were important since the students were already
previously exposed to the topic (see below) and the
combination of the datasets from the predict and the
observe phase allowed us to conclude on the learning gain
during the demonstration. Additionally, we intended that
the students ideally retrieve conceptual knowledge prior to
the demonstration.
When a student receives an instruction or is confronted

with a task about a certain topic, he or she typically has
already a certain conception about the situation [40]. These
preinstructional conceptions of students on the content have
been studied and documented in various science contexts
since several years [41]. The identification of such student
conceptions plays an important role for instructional design
and it is addressed in the context of conceptual change,
which refers to a pathway towards the acquisition of

conceptual understanding [42]. To our knowledge there
has not been any quantitative study which examines stu-
dents’ conceptions of Coriolis force and inertial centrifugal
force so far. Stommel et al. report that students consider the
Coriolis effect as “mysterious” phenomenon and a result of
“formal mathematical manipulations” as pointed out by
Persson [28,32]. Previously observed conceptions of stu-
dents in mechanics imply, for instance, the “motion implies a
force” conception [43,44]. This conception potentially still
persists in the students’ understanding, thus complicating the
students’ conceptual learning of rotating frames of refer-
ences and may translate to our study. We have accounted for
these potential student difficulties in the post-test. In our
study we do not discriminate whether or not a student’s
preconception is based on a coherent construct or is a
collection of unstructured fragments [40].

D. Analysis methods

1. Eye tracking in educational research

During the POE tasks and the instruction (between
observe and explain) we have recorded the students’ eye
movements. In the analysis of this eye-tracking data,
researchers usually discriminate between fixations and
saccades. While fixations are relatively long periods in
which the eye does not move, saccades are very fast
movements of the eye between fixations. In other words,
a saccade is considered as the motion between two (or more)
consecutive fixations, typically lasting less than 100 ms.
Based on the eye-mind hypothesis [45], fixations reflect the
focus of attention and indicate information processing,
whereas information intake is suppressed during saccades.
In general, the eye-tracking technique has gained grow-

ing attention in educational research in the past years, since
several cognition-psychological and educational questions
can be addressed with this method. It has been proven to be
a powerful tool to complement qualitative and quantitative
research with a data resource on the behavioral level [46].
Analyzing the visual attention of students has the potential
for identifying students’ conceptions and learning difficul-
ties [47–50]. Thus, eye tracking can provide a promising
base to design effective instructions to help students
learning, e.g., by the integration of visual cues [51,52],
it can reveal student strategies during problem solving [53],
and it is able to discriminate between expert and novice
eye-gaze patterns [54].
In this context, Gegenfurtner et al. concluded in a meta-

analysis that experts, in comparison to non-experts, have
shorter fixation duration, but more fixations on relevant
areas and longer saccades [55], confirming a number of
theories, such as the theory of long-term working memory
[56] and the information-reduction hypothesis [57].
In the area of physics education research, eye tracking

has recently received attention for quite different purposes.
Some studies used eye tracking to compare the visual
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attention during problem solving, e.g., while students were
taking a multiple choice test [50,58–62]. In this vein of
research, Ohno et al. investigated time and location
measures on the Force Concept Inventory and found
differences between students with and without correct
Newtonian views [58]. Students spent more time looking
at areas that contained relevant information to solve the
problem. Similarly, Kekule found that better performing
students focused more on important features when answer-
ing questions about kinematics graphs [59,60]. Rosengrant
et al. analyzed the transitions between the problem state-
ment involving an electrical circuit and the answer choices.
They found that expert students more frequently looked
back at the problem diagram than novice students did [61].
Applying deeper analysis procedures on saccadic data in
the context of vector field plots, Klein et al. found that
expert students differed from novice students by the ability
to suppress irrelevant saccades which, in this case, refer to
those saccades that do not follow the direction of the axes
[62]. The same analysis procedure revealed that physics
students follow the curve in a line graph with their eyes
more often than nonphysics students when answering
questions about graph slope, indicating correct cognitive
processing of the slope concept [50].
Other studies used eye tracking to analyze learning

processes of students, e.g., with multimedia, and compared
the effects of interventions on students’ eye movements and
performance [51,52]. Madsen et al. exposed students ran-
domly to two conditions which differed by whether the
participants saw conceptual physics problems overlaid with
dynamic visual cues or not [51]. Students in the cue
condition were shown an initial problem, and if they
answered incorrectly, they would have been shown a series
of problems each with selection and integration cues overlaid
on the problem diagrams. Students in the non-cue condition
were also provided a series of problems, but without any
visual cues. The authors found that significantly more
participants in the cue condition answered the problems
super-imposed with visual cues correctly and spent signifi-
cantly less time looking at irrelevant areas of the diagram.
Thus, the use of visual cues to influence visual attention and
to foster problem solving was shown to be effective.
Additionally, Madsen et al. found that the response accuracy
is correlated to focus duration on relevant areas [47].
To support the connection across two types of complex

representations, Klein et al. designed two instructions
and tested their impact on students performance [52].
The instructions included written explanations, equations,
and visual representations, but differed in the presence of
visual cues. The results show that students instructed with
visual cues performed better, responded with higher con-
fidence, experienced less mental effort, and rated the
instructional quality better than students instructed without
cues. Furthermore, it was shown that cognitive integration
processes appear in both groups at the same point in time,

but they were significantly more pronounced for students in
the cue condition, reflecting a greater attempt to construct a
coherent mental representation during the learning process.
Apart from that there are several studies that are

peripherally related to physics education research, such
as trouble shooting of malfunctioning circuits [63], inves-
tigations of students understanding about how mechanical
systems work [64], and how spatial ability is related to eye
movement data when predicting trajectories [65]. To our
knowledge, eye tracking has not been applied in the context
of demonstration experiments in POE settings so far.

2. Self-confidence ratings

In this study, we use self-confidence ratings after the
students have answered a question. These metacognitive
ratings in a single choice format reflect the ability of
students to self-monitor their thought processes, which
comprises a reflection of the understanding of the topic and
the performance in the task [66,67]. In common interpre-
tations of confidence ratings, the difference between the
confidence rating and the accuracy of the response is
termed bias. The bias is low for any student who has a
comparable confidence rating to his or her accuracy and,
consequently, it would be high if the student tends to
overestimate or underestimate his or her performance. The
level of the bias is an indication for the calibration, which
describes the relationship between response correctness as
a function of confidence ratings [68]. The relatively robust
effect of overconfidence can be explained within the
probabilistic mental model (PMM) theory proposed by
Gigerenzer et al. [69,70], in which confidence judgments
are first a spontaneous consequence of a local mental model
(LMM). In cases where a LMM in the context of a specific
task fails, a PMM is created, in which the person retrieves
probabilistic cues from the environment. The mismatch
between the cue validity and ecological validity, where the
latter one refers to the true account of a certain situation,
might be one of two reasons for an overconfidence. The
second potential reason within the PMM theory is that the
set of information retrieved from the environment is not a
representative selection for the reference set [69] and, for
comparison, the reason for an overconfidence is not an
incorrect perception of the task difficulty [71,72].
In the field of physics education, Planinic et al. found

significantly higher confidence ratings for wrong answers
in the area of Newtonian dynamics than in the area of
electrical circuits, suggesting that concepts of Newtonian
dynamics are more prone to incoherent conceptions [73].
In this work, we use the confidence ratings as an aid to

identify underlying conceptions which reveal themselves
when the student appears to be rather confident with an
incorrect answer. Furthermore, this study explores the
influence of the level of calibration on the conceptual
learning within a POE setting and relates the confidence to
eye-tracking metrics.
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III. MATERIALS AND METHODS

A. Participants

The sample consists of 21 freshman students (4 female,
17 male) with a physics major at the Technische Universität
Kaiserslautern, Germany. The students were participants
of the lecture “Experimental Physics 1” (total number of
participants in the lecture is 52, 8 female and 44 male), where
they had seen experimental lecture demonstrations (different
to the one used in this study) and the mathematical derivation
of the topic of non-inertial frames of reference in one lecture,
one tutorial, one problem sheet, and one recitation session
prior to participation in this study. The average final exam
score of all students in the lecture Experimental Physics 1was
54% and the average final exam score in this lecture of those
students participating in this study was 61%. Participation in
this study was voluntary and was compensated with 10 euro.
The study took place several weeks before the final exam of
the lecture and the students expected that the topic might be
part of the exam.
One condition for students to enroll in a study program at

a German university is an entrance qualification which is
typically achieved via passing the “Abitur,” the final high
school diploma. For this high school diploma, the standards
in math and in physics are listed in Refs. [74,75], respec-
tively. This means that before entering a study program,
students had typically covered differentiation and integra-
tion of one-dimensional linear and nonlinear functions with
real domain in math, and in physics, high school programs
cover uniform and accelerated motion but no Galilean
transformation or non-inertial frames of reference. At the
university, freshman physics students usually attend at least
one math course during the first semester which covers
topics of multidimensional differentiation (such as gradient,
divergence, rotation, and integration) complex numbers, and
differential equations. In physics, the students learn about
Newton’s mechanics and review uniform and accelerated
motion including Galilean transformation and non-inertial
frames of reference.

B. Experimental setup

The setup consists of a rotating disc with a diameter
of 55 cm that is connected to a motor that allows the
disc to rotate at a constant angular velocity [see Figs. 1(a)
and 1(b)]. Initially, the sphere rests at the end of a tilted
rail which is attached to the rotating disc pointing in the
direction of the center of rotation (since the rail is attached
to the rotating disc the sphere receives an initial tangential
velocity component). As soon as the rail passes a trigger,
the sphere starts to roll down the rail (from this accel-
eration the sphere receives an initial radial velocity
component). The experiment is recorded from the top
via two cameras. The first camera is connected to the
stationary frame and does not move while the disc rotates.
The second camera is attached to the rotating disc,

allowing the observation from a perspective of an observer
in a non-inertial frame of reference.
In the SFR, the sphere moves uniformly in a straight line

on the left side of the disc in respect to the center of
rotation. Note here that it does not run through the center
because the resulting motion is a superposition of the
tangential and the radial part.

C. Study design

The study design is outlined in Fig. 2. The pretest
consisted of three single choice items in a paper-pencil test
assessing the understanding of essential representations
of vectors. Thus, we verified whether or not the students
had visual understanding of typical depictions of rotating
frames of reference used in this study—a necessary
prerequisite for learning from multiple visual representa-
tions as in the instruction part [76] (see Supplemental
Material [77] for pretest questions). It was followed by an
explanation of the experimental setup and the procedure of
the experiment (without demonstration yet) by the instruc-
tor (see Fig. 2). In this phase, the students were allowed to
ask questions.
Afterwards, the students were asked two questions to

anticipate the trajectory of the sphere in a stationary frame
of reference (first) as well as in a rotating frame of reference
(second), each of them in a single choice format which
represent the predict phase. These two questions were

FIG. 1. (a) The experimental setup for the demonstration of
rotating frames of references. (b) Top view of the rotating disc.

FIG. 2. Study design where � indicates the parts in which the
eye movements were recorded. Blue-colored boxes refer to those
parts where students answered questions and green boxes are
those parts in which students received information.
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computer based and the eye movements were recorded.
After each prediction, the students were asked to rate their
confidence on a four-point Likert scale ranging from “very
confident” to “very unconfident.”
Then, the instructor demonstrated the experiment twice

without making any comments or giving explanations (part
“Experiment: Demonstration”). The students were standing
in front of the experiment and were allowed to walk around
the experiment in order to observe it from their preferred
perspective. This part was supposed to closely resemble an
ideal situation of a lecture demonstration. Then, the
students were asked to answer the same two questions
as in the predict phase in order to report their observation of
the trajectory in the inertial and in the non-inertial frame of
reference (part observe). Again, we used eye-tracking and
confidence ratings for these two computer-based items.
Subsequently, the students received the computer-based

instruction consisting of two text pages and six videos. The
first page displayed a standard textbook instruction of
inertial forces including the equations of the Coriolis and
centrifugal force. The second page explained the trajectory
of the sphere rolling over a rotating disc in the particular
context of the previously demonstrated experiment (see
Supplemental Material [77]). In this figure the disc rotated
in the same direction and all conditions (angular velocity of
the disc, tilting angle of the rail, sphere) were the same as
during the demonstration. This page also contained two
snapshots of the final location of the sphere during the
experiment from each perspective (see Fig. 3) augmented
with circles and arrows indicating the trajectory and
velocity vectors in both frames of reference, respectively.
After this first instruction page, three videos from each of

the two perspectives (i.e., six videos in total) were shown
to the students. The first video showed the experiment
recorded by the stationary camera in real time. It was
augmented with the same information as in the snapshots in
Fig. 3. The two following videos were identical to the first

one but they were played in slow motion (4× slower). The
fourth video was recorded from the rotating camera and
was displayed in real time. The two following videos were
identical to the fourth one but they were played in slow
motion (4× slower). The students had no option to pause or
replay the videos.
After the instruction, the post-test in a paper-pencil

format and two computer-based questions followed. It
consisted of seven true-false items, two items explain
(identical to predict and observe) and seven single choice
items, two of which had a direct link to the experiment and
visual attention was recorded during these two questions
using eye-tracking. Here, the analysis was restricted to the
POE and the interview items. After completing the post-
test, the students were asked to comment on their responses
of two single choice items from the post-test in an audio
interview (see Supplemental Material [77] for items). The
aim of the interview was to reveal students’ conceptions.
Therefore, these two questions were directly motivated
by the misleading depictions in literature (see above).
From the results of the post-test, in this work, we
report the analysis of the two items explain and the two
interview items.

D. Eye-tracking equipment

The motions of the eyes were recorded using a Tobii
X3-120 stationary eye-tracking system with a visual-angle
resolution of 0.40° and a sampling rate of 120 Hz. The
questions were presented on a 22-inch computer screen
with a resolution of 1920 × 1080 pixels and refresh rate of
75 Hz. The eye-tracking system was operated and the data
were analyzed using the software Tobii Studio.

IV. RESULTS

A. Test scores of POE items

The test scores of the POE questions are shown in
Fig. 4(a). The score in each POE part is the average score
from two questions about the trajectory of the sphere on the
rotating disc: The first question is about the trajectory in a
stationary coordinate system and the second one is about
the trajectory in a rotating coordinate system.
It is noticeable that the students have very low scores

during the predict phase in both frames. The demonstration
of the experiment, which is the only intervention between
predict and observe, has no statistically significant effect
on the score (p ¼ 0.27) which means that 80% of the
students are unable to report the trajectory of a sphere in
two coordinate systems after observing the experiment
twice. After the instruction including a theoretical textbook
introduction, two augmented photographs (see Fig. 3) and
six videos, in the part explain, only 38% of the students
report the trajectories of the sphere incorrectly.
To evaluate the change in confidence ratings between

predict and observe we performed two nonparametric

FIG. 3. Snapshots of augmented videos during the final phase
of the experiment in the stationary frame of reference (a) and the
rotating frame of reference (b). The black coordinate system K
(axes x and y) is stationary and the green coordinate system K0
(axes x0 and y0) rotates at the same angular velocity as the disc.
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Wilcoxon signed rank tests with continuity correction. We
found that there are no statistically significant differences in
the confidence ratings between predict and observe in the
inertial frame of reference (average confidence ratings
in K: predict, C ¼ 2.2� 0.5; observe, C ¼ 1.9� 0.9,

where 1 ¼ very confident and 4 ¼ very unconfident,
p ¼ 0.19) as well as in the non-inertial frame of reference
(average confidence ratings in K0: predict, C ¼ 2.2� 0.9;
observe, C ¼ 2.2� 0.8, p ¼ 0.77).

B. Analysis of distractors

For a deeper understanding of error sources and the
influence of interventions, we assigned the distractors of
the POE items to different different categories (see Figs. 4b
and 4c for the frequencies of each category). The distractors
are displayed in Fig. 5. As mentioned above, the sphere
does not run through the center of rotation because the
resulting motion is a superposition of the tangential and
the radial part. This means that option (b) is correct in the
inertial frame of reference K (Fig. 5). In the non-inertial
frame, the trajectory (d) describes the motion correctly
(see Fig. 5). The following example may demonstrate the
motivation for this categorization.
A student who chooses an option which depicts a straight

trajectory through the center of rotation in the inertial frame
of reference K, is likely to have a different perception of the
trajectory and a potentially different concept of the situation
than a student who chooses a curved trajectory which is
deflected to the right of the center in K, despite the fact that
both answers are incorrect. However, in this study we only
have the opportunity to characterize the distractors regard-
ing certain surface features, but cannot conclude on specific
errors the students made or conceptions the students had.
Despite this restriction the categorization into different

FIG. 4. (a) Test scores of POE items in the inertial frame K
and the non-inertial frame K0. Frequency of different distractor
groups in the inertial frame (b) and in the non-inertial frame (c).
The inset in panel (a) shows the average total number of distractor
categories of the POE items which refers to the analysis in
Sec. IV B (see also Table I).

FIG. 5. Alternative answer options of the POE items in the
inertial frame of referenceK and the non-inertial frame of reference
K0. In both coordinate systems the distractors are identical.
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distractor groups provides helpful insights in order to see
the effect of the demonstration.
In detail, we identified four different distractor groups

within the questions of the POE task:
(I) Confusion of K and K0: All those distractors belong

to this category which display a curved trajectory in
K or a straight trajectory in K0. In K, the distractors
(d), (e), (f), and (g) are included. In K0 the distractors
(a), (b), and (c) are included.

(II) Inversion: All distractors which depict a trajectory to
the right in respect to the center of rotation belong to
this group. Included distractors in K: (c),(e),(g).
Included distractors in K0: (c),(e),(g).

(III) Initial condition: Here, the distractor which does not
consider that the sphere also has a tangential velocity
component belongs to this category. Included dis-
tractors in K: (a). Included distractors in K0: (a).

(IV) Curvature: This group represents all distractors
which display a wrong curvature. Included distrac-
tors in K: (f), (g). Included distractors in K0: (f), (g).

Following this line of thought, the assignment of the
distractor groups to the different answer options of the
POE items implies that some distractors belong to more
than one group (see Table I). The number N of distractor
groups for one answer option ranges from 0–3 inK and 0–2
in K0. Figure 4(b) shows the frequency of each distractor
group in the questions of the inertial frame during the
POE tasks. It is noticeable that, as a consequence of the
experiment demonstration, particularly the frequency of
category III (“initial condition”) is reduced between predict
and observe in the inertial frame of reference, i.e., the
students were less likely to choose a distractor which shows
that the sphere rolls through the center of rotation. While
the frequency of distractors in category I decreases only
slightly between predict and observe, the frequency of
group II (“inversion”) and IV (“curvature”) does not change
as a result of the experiment demonstration.
Figure 4(c) shows the frequency of each distractor group

in the questions of the non-inertial frame during the POE
tasks. Here, as a consequence of the experiment demon-
stration, the frequency of category IV decreases between
predict and observe, i.e., in the non-inertial frame the
students were less likely to choose a distractor that shows a

curvature that is inconsistent with the trajectory of the
sphere. Additionally, the frequencies of distractors in
categories I, II, and III do not change as a result of the
experiment demonstration.
Summing up the number of distractor categories of

both reference frames for each participant, the average
difference between the total number of distractor groups in
predict (N ¼ 3.05� 1.40) and observe (N ¼ 2.19� 1.29)
exhibits a significant medium effect [Cohen’s d ¼ 0.64,
p < 0.05, see inset of Fig. 4(a)]. In comparison, the average
difference between the number of distractor categories in
observe and explain (N ¼ 0.81� 1.03) exhibits a signifi-
cant, very large effect (Cohen’s d ¼ 1.18, p < 0.001). The
largest improvement between predict and observe was
found in the observation of the initial condition, i.e., the
students were able to correct their prediction that the sphere
does not go through the center of rotation. In contrast, the
observation of the demonstration experiment did not affect
the inversion category, i.e., the students still would not
choose a distractor that the sphere had been deflected to the
left side in respect to the center of rotation if they had
previously predicted that the trajectory is located on the
right side of the disc. In this case, the choices were made by
the same students.
The largest improvement between observe and explain in

both reference frames, as a consequence of the instruction,
is the frequency of the “confusion” category, i.e., after the
instruction most students choose a distractor that relates a
linear trajectory to the inertial frame of reference and a
curved trajectory to the non-inertial frame of reference.
Whereas the frequencies of distractors which belong to
category III or IV are zero or close to zero after the
instruction, again, as previously observed between predict
and observe, the instruction did not affect the frequency of
the inversion category and, again, the choices were made by
the same students. This means that those students who
previously chose a distractor that belongs to the inversion
category, even after seeing the trajectory in an augmented
photograph and in six videos, still tend to choose a
distractor that shows that the trajectory in both coordinate
systems is located on the right side of the disc.

C. Student interviews

The confidence ratings suggested that there are meas-
urable, but negligible differences between distractor cat-
egories. To consolidate this finding and to identify students’
conceptions we performed student interviews after com-
pleting the post-test. In these interviews we asked the
students to comment on their answers of two particular
questions Q1 and Q2 of the post-test. In question Q1 the
students were asked to name the forces which are required
to describe the trajectory of an airplane flying from the
center of a rotating disc outwards in a uniform motion. In
question Q2 the students were asked to predict whether or
not water would slosh over the edge of a glass if the glass

TABLE I. Distractor category (DC) and number of distractor
categories (N) for each answer alternative in K and K0.

Distractor DCK NK DCK0 NK0

a III 1 I, III 2
b cor 0 I 1
c II 1 I, II 2
d I 1 cor 0
e I, II 2 II 1
f I, IV 2 IV 1
g I, II, IV 3 II, IV 2
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moves along a curved trajectory inK0 but uniformly along a
straight line in K. The two questions and the possible
answers are outlined in the Appendix. Language errors
were corrected to improve readability. The interviews were
conducted in German and, afterward, translated to English.
Table II shows the distribution of answers. In question

Q1, the distractor (c) has the highest probability. This
corresponds to the answer that only the Coriolis force is
required to describe the trajectory of the airplane flying
over a rotating disc. In the interviews, all students who
chose this answer either justified their response by the
thought that the airplane has no connection to the rotating
disc or argued that in the absence of a centripetal force,
no centrifugal one is required for the description of
the trajectory. Here, we show two examples of medium
performing students M1 and M2 and one example of a high
performing student H:
Instructor: “Please comment on your answer of

question Q1.”
M1: “I ticked the third one because actually only the

Coriolis force would have to work. I originally assumed
that the Coriolis force is a counterforce of the centrifugal
force. But since this is wrong and actually the centrifugal
force is the counterforce of the centripetal force and since
we have here, in my view, no centripetal force, there should
be no centrifugal force here.”
In the comments, student M1 describes the role of the

centrifugal force as a counterforce to the centripetal force.
This implies that the student does not apply the concept of
the inertial centrifugal force and, instead, refers to the
concept of the reactive centrifugal force, but mistakenly
identifies an action-reaction pair of the centripetal and the
centrifugal force.
And below is the answer of student M2, who comments

to a wrong answer, in which the student assumes that only
the Coriolis force is necessary to describe the trajectory of
the airplane.
Instructor: “Please comment on your answer.”
M2: “The plane is deflected to the left from the point of

view of K0 and as it flies and the air friction is neglected, it
has no contact with the ground and therefore no centrifugal
force has to act which somehow has to keep it on a circular
path and therefore I think that you can neglect that. But if

now a person would rest in the center of K0, he would see
that the aircraft is apparently being deflected to the left.
The plane actually flies straight ahead, but the disc on
which the observer stands turns to the right. And therefore,
seen in the rotating system, only the Coriolis force acts
which would deflect the aircraft.”
Here, the student M2 argues that the missing contact of

the airplane to the rotating frame of reference is responsible
for the description via the Coriolis force.
For comparison, the following dialogue shows the

correct reasoning of a student H.
Instructor: “Please justify your answer of question Q1.”
H: “To describe the trajectory in K0, both the Coriolis

and the centrifugal force are needed. This is the case
because, first, we have a velocity of the airplane in the
rotating frame of reference. That’s why we need a Coriolis
force. And since there is a distance r0 to the center of
rotation which is the origin of the coordinate system K0,
there must also be a centrifugal force.”
In the arguments, student H directly refers to the nonzero

velocity v0 of the object in K0 in the equation of the Coriolis
force FCor [Eq. (A3)] and to the nonzero distance to the
center of rotation r0 which is a necessary component in the
equation of the centrifugal force FCen [Eq. (A4)].
Table III shows the distribution of reasoning to the

interview question Q1. Here, the argument that the forces
only act when the object is in contact with the rotating
system, received the highest frequency of 42.9%. In this
argument, we did not discriminate between the students
who chose the distractor that only the Coriolis force is
required, and those students, who chose the distractor that
no force is required for the description of the trajectory of
the airplane in K0, as long as the argument was the same.
Apart from that, the reason that the absence of a centripetal
force results in a situation, where the centrifugal force is not
required for the description of the trajectory has the second
highest frequency (19%). Apart from these two reasons
there was one student who argued that in a uniform motion
there is no centrifugal force required for the description and
one student guessed the answer.
In question Q2, the distractor (e) was chosen most

frequently among the incorrect answers. This corresponds

TABLE II. Distribution of answers of the two interview
questions Q1 and Q2 (see Supplemental Material [77] for the
questions and possible answers). The correct answer is marked
with a dagger.

Distractor Q1 [%] Q2 [%]

(a) 28.6† 0
(b) 0 4.8
(c) 42.8 14.3
(d) 28.6 4.8
(e) � � � 23.8
(f) � � � 52.8†

TABLE III. Students’ reasoning to interview question Q1 with
corresponding frequency.

Reasoning Frequency [%]

Forces act only when in contact
to the rotating system

42.9

No centripetal force results
in no centrifugal force

19.0

Uniform motion means no centrifugal
force is required

4.8

Guessed 4.8
Correct 28.6
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to the answer that the water is sloshed opposite to the
direction of the sum vector of Coriolis and centrifugal
force. This answer would be correct if there were real forces
acting on the glass. This is the reason for the answer of
student M1, who selected this answer:
M1: “The water spills out for sure because of the inertia

of the water, so it’s just a question of how it spills out and
I’ve decided to tick the answer (e) because of the idea that
the water goes straight ahead and thus the direction of
motion is precisely directed opposite to these forces.
Because it does not matter to the water, whether it is in
the rotating system or not.”
In this reasoning to question Q2, the student M1 seems

convinced of the fact that Coriolis and centrifugal force
cause an effect in the inertial frame K.
And this is the comment to the answer of the high-

achieving student H to question Q2:
H: “For the description of the trajectory, the Coriolis and

centrifugal force are introduced and in K the glass makes a
straightforward uniform motion. But since both are only
apparent forces, they are only of relevance for the trajectory
description in K0 and do not really affect the glass in the
reference system K, the water does not spill over.
So, in this straight uniform motion, no force acts on

the glass.”
In this reasoning, the student H refers to the fictitious

character of the Coriolis and centrifugal force and draws
the correct solution by relating theuniformmotionof theglass
to the absence of forces in the stationary reference system K.
The reasoning of student M2 is similar to the one of H,

therefore it is not displayed here. Table IV shows the
distribution of reasoning to the interview question Q2. In
comparison to the distribution of answer alternatives in
Table II, it is noticeable that all students, who chose a
distractor responded with the same argument that inertial
forces cause the same effect as real forces, even though they
have chosen different answers. The reasoning includes
comments about the inertia of the water and that the glass is
located in K0 so that the Coriolis and the centrifugal force
act on the glass.

D. Confidence levels affect visual focus

Wewere interested whether confidence ratings following
the predict and the observe tasks are correlated with
measures of visual attention of the students. For this
purpose, we divided the students in two groups: the first

group rated their confidence in these items with confident
or very confident, the students in the second group rated
their confidence with “unconfident” or “very unconfident.”
Additionally, we analyzed the eye-tracking data in the
following way. We designed a pattern of squarelike regions,
so called areas of interest (AOIs), on each question page.
On each of these AOIs we extracted the total visit duration
which refers to the total time a student looks at the AOI. In
our case, the AOIs exhibited a size of 50 × 50 pixel that
covers all relevant areas (including the figure of the rotating
disc, the coordinate system and the distractors) except the
question text (see Fig. 6). We also analyzed an AOI pattern
which includes the question text, but there is no statistically
significant difference in the total visit duration on the text
between the confident and unconfident students during the
predict (p ¼ 0.14) and the observe (p ¼ 0.73) task. An
inclusion of an AOI on the text in the analysis does not
affect the statistical significance of the results and the total
visit duration on the text is not responsible for the visual
attention difference between confident and unconfident
students on relevant areas (see below). Furthermore, the
analysis using a 50 × 50-pixel pattern was previously used
by Klein et al. [50] and, in comparison to a specific choice
of certain regions (such as one distractor or a figure) as
AOIs, it allows an analysis of the data which is unbiased
by the AOI choice of a researcher while maintaining a
reasonable resolution of the covered area.
Then, we compared the total visit duration and the size of

the regions of attention. Table V shows the visit duration
and the number of AOIs NAOIs which received a high focus
(i.e., a focus which is longer than the average focus of each
student) of students who feel confident of their answer and
those who are unconfident during the predict task. In this
table and in Table VI we combined the confidence ratings
from the inertial frame and the non-inertial frame (i.e., total
number of confidence ratings N ¼ 42 in each table). Here,

TABLE IV. Students’ reasoning to interview question Q2 with
corresponding frequency.

Reasoning Frequency [%]

Inertial forces cause the same effect
as real forces

47.6

Correct 52.4

FIG. 6. Locations of square-shaped AOIs (50 × 50 pixels,
yellow areas) during the predict and observe task. Please note
that the background of the answer alternatives is illustrated with a
small squared pattern (not the AOIs).
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NAOIs is a measure of the size of the area of focus, i.e., it
indicates the spatial spread of attention.
The analysis demonstrates that there is a statistically

significant very large effect size in the maximum visit
duration and a significant large effect in the average and
total visit duration between confident and unconfident
students during the predict questions (classification of
effect sizes is according to Cohen [78]).
Table VI shows the visit duration and the number of

AOIs that received high attention. It is noticeable that the
differences in the maximum, average, and total visit
duration of confident and unconfident students show
the same trends as during the predict questions.
Although the relative difference between confident and
unconfident students is very similar in the predict and the
observe part, the absolute value of the difference between
confident and unconfident students is reduced in com-
parison to the predict questions. And, since the spread in
the data is similar in Table Vand Table VI, the differences
between confident and unconfident students are not
significant during the observe questions. Furthermore,
the results indicate that there is no significant difference
in NAOIs between confident and unconfident students
which means that the studied area from where informa-
tion is processed is similar between these two student
groups. However, in comparison to the predict questions,
NAOIs in the observe questions decreased more strongly

for confident students than for unconfident students
which suggests that unconfident students spend more
time extracting the same information, even though they
have seen the same questions already before. Here, we
cannot determine whether the differences in NAOIs
between predict and observe are significant or not since
the groups are only partially paired.
On the one hand, in 22 out of 28 cases, where the answer

was rated confident either in the inertial or in the non-
inertial frame in the predict part, the students also chose
a confident rating to the corresponding question in the
observe part, i.e., in 6 cases the students switched from a
confident to an unconfident rating in the corresponding
question in the observe part. On the other hand, in 7 out of
14 cases, where the answer was rated unconfident either in
the inertial or in the non-inertial frame in the predict part,
the students also chose an unconfident rating to the
corresponding question in the observe part, i.e., in 7 cases
the students switched from an unconfident to an confident
rating in the corresponding question in the observe part.

V. DISCUSSION

In this work we demonstrated how students understand
concepts of rotating frames of reference and how they apply
their knowledge to understand a standard lecture experi-
ment in which they are supposed to report the trajectory of a
sphere rolling over a rotating disc in a rotating and in a
stationary coordinate system.
The presented study reveals a number of preconceptions

in the field of non-inertial frames of reference which lead to
several promising suggestions for future instructions of
the topic.
The distractor category I (confusion of K and K0) which

includes those distractors that show a linear trajectory of the
sphere in the non-inertial frame of reference or a curved
trajectory of the sphere in the inertial frame, was the
category with the highest frequency in the predict as well as
in the observe items. The frequency of these distractors was
significantly reduced after the instruction which consisted
of a fundamental theoretical review of rotating frames of
references, augmented photographs and six augmented
videos. However, the results highlight the high difficulty
of this topic for first-year physics students. This yields,
for instance, the surprising observation that the distractors
which contain the inversion error are neither corrected
during the observation of the experiment nor during the
instruction. This indicates that some errors require special
attention which potentially could be realized via the
implementation of cues [79] or via highlighting and
discussing common errors of students in advance. For this
reason, it is likely that a briefer instruction could fail to
transfer the link between mathematical equations of the
Coriolis and centrifugal force and their application to the
trajectory of the sphere in a rotating and stationary frame of
reference.

TABLE VI. Maximum, average, and total visit duration on
AOIs during the observe task in seconds as well as the number of
AOIs (NAOIs) that exhibit a visit duration longer than the average
one. The table also contains the standard errors for each measured
quantity.

Confident
(N ¼ 29)

Unconfident
(N ¼ 13) d p

Max [s] 2.74� 0.48 5.68� 1.9 0.68 0.16
Average [s] 0.45� 0.06 0.65� 0.13 0.53 0.20
NAOIs 8.03� 0.73 11.77� 1.69 0.79 0.06

Total [s] 14.00� 3.12 31.60� 9.94 0.73 0.11

TABLE V. Maximum, average, and total visit duration on AOIs
in seconds during the predict task as well as the number of AOIs
(NAOIs) that exhibit a visit duration larger than the average one.
Additionally, the table contains the standard errors for each
measured quantity.

Confident
(N ¼ 28)

Unconfident
(N ¼ 14) d p

Max [s] 3.38� 0.51 7.33� 1.12 1.21 0.005
Average [s] 0.47� 0.05 0.76� 0.08 1.11 0.005
NAOIs 14.29� 1.13 13.86� 1.45 −0.07 0.82

Total [s] 25.75� 4.2 44.56� 6.7 0.82 0.03
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A. Influence of a lecture experiment on learning
about the outcome of the demonstration

(1st research question)

Regarding the 1st research question, the item difficulty
of the POE tasks is consistent with the conceptual and
perceptual complexity of the topic of non-inertial frames of
references. Only one out of five physics students was able
to report the observation of the trajectory of a sphere rolling
over the disc correctly in a single choice question. This is a
lower rate than previous reports of POE interventions
[33,34], which cover topics of mechanics, electricity, and
magnetism, but do not include demonstration experiments
regarding the motion of objects in non-inertial frames of
reference. When the students passively observed the experi-
ment, the frequency of correct statements about the out-
come of the experiment was significantly increased
(9% higher) in comparison to students who did not see
the experiment at all [34]. When students predicted the
outcome of the experiment prior to the demonstration, the
students’ statement about the outcome after the demon-
stration was about 7% higher than without previous
prediction and 16% higher in comparison to students
who did not see the experiment. This importance of the
prediction of the experiment prior to the demonstration was
later on confirmed by Miller et al. [33]. In contrast, in our
work, there was no statistically significant increase in
the frequency of correct responses about the outcome of
the experiment between predict and observe. However, the
detailed analysis of chosen distractors of the single choice
questions during POE in combination with the identifica-
tion of different distractor categories points towards spe-
cific benefits of the demonstration regarding the outcome of
the experiment. The frequency of all distractor types show
decreasing trends between predict and observe with the
exception of the distractors that contain an inversion error.
We found that distractors which incorrectly had no initial
tangential velocity, were not chosen after observing the
experiment. In this way, this type of analysis reveals
specific benefits of the experiment demonstration, but
the impact of the demonstration is significantly lower than
previous reports.

B. Preconceptions related to Coriolis and centrifugal
force (2nd research question)

The student interviews reveal prevailing preconceptions
among first-semester physics students in the field of non-
inertial frames of reference. Nearly half of the participants
(42.9%) believe that the centrifugal force and sometimes
also the Coriolis force are only necessary to describe the
trajectory of an object in a rotating coordinate system if
there is a coupling of the object to the rotating system. This
conception is likely to be attributed to common instruc-
tional connections of the inertial centrifugal force and the
reactive centrifugal force which occurs as a consequence
to a centripetal force, such as the statement that “the

centrifugal force disappears if the centripetal force would”
[80], “This centrifugal force may be regarded as the reaction
to the centripetal force” [81] or, in general, in experiments of
rotating objects [82,83]. In the light of these results, we
suggest to verbally discriminate between these two types
of centrifugal forces. Apart from that, about one out of
four physics students (23.8%) do not include the fictitious
character of inertial forces in their arguments and rather
argue that they have the same effect on objects as real forces.

C. Eye tracking reveals confidence
(3rd research question)

The eye-tracking analysis reveals a direct link between
confidence ratings and visit duration on AOIs during the
items of the predict phase. Students which are confident of
their answer spent significantly less time on the AOIs than
unconfident students. Despite this fact, unconfident students
distribute their attention on a similar-sized area. This
observation is an interesting extension to previous results
and interpretations of long visit durations. For instance,
Palinko et al. report that high visual attention on relevant
areas is related to a high mental effort [84]. As a conse-
quence, the visit duration has also been used as a measure for
(intrinsic or extraneous) cognitive load within the framework
of the cognitive load theory [85]. During the observe phase,
there is no difference in the average or total visit duration
between confident and unconfident students. The disappear-
ance of the aforementioned relation between visit duration
and confidence ratings in the observe part might be attributed
to the fact that the students have seen the exact same
questions already during the predict phase and have naturally
less time on task since the content of the page is already
partially familiar to the students. This interpretation is
supported by an overall decrease of visit durations.
Furthermore, we observe that students with low con-

fidence levels and high visit durations in the predict items
distribute their focus on a similar-sized area as confident
students. This seems to indicate that unconfident students
tried longer to extract the same amount of information as
confident students. In the theoretical framework of Rau
[76], the author points towards necessary prerequisites for
learning using multiple visual representations. To identify
and extract relevant information from a visual representa-
tion such as a graph, photograph, or schematic, students
need visual representational understanding which refers to
the conceptual knowledge of how a visual representation
depicts information. In order to relate the information from
two different visual representations, as is required in several
parts of this study, the students need connectional under-
standing of two or more representations. This knowledge
refers to the ability to identify relevant similarities between
the representation and to know about conventions for
interpreting and combining the information from multiple
representations [76]. Embedding our results in this frame-
work, it seems that unconfident students seem to try to
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develop visual and/or connectional understanding of the
representations displayed in the predict items.

VI. CONCLUSION

In this study we tested the conceptual learning of physics
students during a POE task on rotating frames of reference.
The students had significant difficulties in predicting and
observing the correct trajectory of a sphere (total score of
approx. 20%) rolling over a rotating disc in a stationary and
a rotating coordinate system K and K0. Primarily, the low
score can be attributed to the choice of a distractor which is
consistent with a confusion of the effects of inertial forces
in K and K0. Additionally, we found that some distractor
choices even withstood the instruction. Students who
initially predicted that the sphere is deflected to the
opposite side on the disc (in respect to the actual trajectory),
did not change their distractor choice during the observe
and explain part (inversion category). This emphasizes the
need for additional instructional support in this topic, for
instance, via cues which highlight essential information.
Furthermore, the results indicate that after the instruction

nearly half of the students answered that a centrifugal force
will only be necessary if there is a coupling between the
object and the rotating system. In comparison, the con-
ception that an object shows a reaction to inertial forces
in the same way as they do to real objects only persists in
one-quarter of the students.
Within the POE task, the eye-tracking analysis in

combination with confidence ratings showed that uncon-
fident students spent significantly more time extracting
information than confident students. This finding demon-
strates the cognitive activation particularly of unconfident
students during the predict phase. In contrast to previous
reports, we found that passive observations of experiments,
in fact, stimulate conceptual learning in a detailed distractor
analysis which is not reflected in an increase of total scores.
At this point we cannot judge the importance of this
nonobvious learning behavior and additional research is
necessary. Nevertheless, the results assist us to understand
conceptual learning during POE tasks.
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APPENDIX: THEORETICAL AND
EXPERIMENTAL DETAILS

1. Theoretical background on rotating frames
of reference

When an observer examines motion of an object moving
uniformly in a stationary frame of reference (SFR) from a
rotating frame of reference (RFR), the trajectory appears to

be curved in comparison to a trajectory which a stationary
observer (SO) would report. For instance, if an object
moves uniformly in a SFR, it would display a curved
trajectory for a rotating observer (RO). The theoretical
description of the trajectory in a RFR requires the intro-
duction of the centrifugal and the Coriolis force. They are
“fictitious forces” which means that Newton’s third law of
motion (action ¼ reaction) does not hold for them. In
other words, both forces are not the result of an interaction
between two bodies, but the consequence of the motion
of the RFR. They are also called “inertial forces,” which
emphasizes the fact that the forces are caused by the inertia
of the moving object. Typical examples include the motion
of clouds observed from the earth or a thrown ball observed
from a person sitting in a rotating merry go round [14].
The velocity v⃗0 of an object in a RFR which rotates with

a constant angular velocity ω⃗ is given by the sum of the
velocity v⃗ of the object with position r⃗ in the SFR and the
negative tangential velocity −ω⃗ × r⃗ in the RFR:

v⃗0 ¼ v⃗ − ω⃗ × r⃗: ðA1Þ

The derivative dv⃗0=dt leads to the acceleration of the object
in the RFR [14]:

a⃗0 ¼ a⃗þ ω⃗ × ðr⃗ × ω⃗Þ þ 2ðv⃗0 × ω⃗Þ: ðA2Þ

This equation shows the necessity of introducing additional
terms apart from the acceleration a⃗ in the SFR for the
mathematical description of the determination of a⃗0. The
second term in Eq. (A2) corresponds to the inertial
centrifugal acceleration and points radially outwards from
the axis of rotation. The third term is called the Coriolis
acceleration which is perpendicular to the velocity vector v⃗0
in the plane of motion.
From Eq. (A2) the terms for the Coriolis force follow:

F⃗Cor ¼ 2mðv⃗0 × ω⃗Þ; ðA3Þ

and the equation for the centrifugal force

F⃗Cen ¼ mω⃗ × ðr⃗ × ω⃗Þ: ðA4Þ

In both equations m denotes the mass of the object.

2. The change in speed jv⃗0j of an airplane flying
over a rotating disc

The problem of an airplane flying over an rotating disc
can be described in polar (cylindrical) coordinates. For
simplicity, the airplane flies with a speed v0 in x direction
(see Fig. 7). In general the angle α0 of the airplane in the
non-inertial frame is given by α0 ¼ α − φ, where φ is the
rotational angle between the inertial and the non-inertial
frame and α is the angle of the airplane in the inertial frame.
Since the airplane moves in x direction, α ¼ 0° and thus
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α0 ¼ −φ (or α0 ¼ 360° − φ). Let us assume that the non-
inertial frame rotates with the same rotational velocity _α0 as
the disc and the center of the non-inertial frame is the same
as the center of the inertial frame. Then, the position of the
airplane in the inertial frame is given by

r⃗ ¼ r cos αx̂þ r sin αŷ ¼ r · r̂; ðA5Þ
with the unit vectors x̂ and ŷ in Cartesian coordinates in the
inertial frame and the radial unit vector r̂ ¼ cos αx̂þ sin αŷ
in polar coordinates. Accordingly, in the non-inertial frame
the position is determined by

r⃗0 ¼ r cos α0x̂0 þ r sin α0ŷ0 ¼ r · r̂0; ðA6Þ

with r̂0 ¼ cos α0x̂0 þ sin α0ŷ0 and r ¼ r0 ¼ v0t. The deriva-
tive of the position r0 in the non-inertial frame yields the
velocity of the airplane in the non-inertial frame:

_r⃗0 ¼ _r0r̂0 þ r0 _α0α̂0 ¼ v0r̂0 þ v0t _α0α̂0: ðA7Þ
Here, the angular unit vector in polar coordinates is
given by

α̂0 ¼ − sin α0x̂þ cos α0ŷ: ðA8Þ
Consequently, the absolute value of the velocity in the
non-inertial frame of reference is

jv⃗0j ¼ j_r⃗0j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v20 þ v20t
2 _α02

q

: ðA9Þ

From Eq. (A9) it follows that the absolute value j_r⃗0j of the
airplane velocity in the non-inertial frame increases with
time t. Therefore, an observer in the non-inertial frame
notices an increase in the absolute value of the velocity,
even though the airplane flies in a uniform motion over
the disc.

FIG. 7. Schematic of an airplane flying over a rotating disc. The
inertial frame K (represented by the axes x and y) and
the non-inertial frame K0 (represented by the axes x0 and y0)
share the same origin. For simplicity, the z axis is not shown.

FIG. 8. Example of the reactive centrifugal force (RCF) F⃗RC of
a ball attached to a post performing a circular motion. In the
inertial frame only the centripetal force F⃗ZP and the reaction
F⃗−ZP to the centripetal force occur. In the non-inertial frame, the
RCF F⃗RC occurs additionally to the forces in the inertial frame.

FIG. 9. Snapshots of videos taken in the inertial frame of reference K (top row) and the non-inertial frame of reference K0 (bottom
row). There is a time difference of 0.17 s between two subsequent snapshots.
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3. Example of the reactive centrifugal force

In this example, we consider a ball that is attached to a
post while it performs a circular motion (Fig. 8). Here, the
centripetal force F⃗ZP acts on the ball and it forms a action-
reaction pair with the force F⃗−ZP which acts on the post.
The RCF F⃗RC also acts on the ball but in the same direction
as F⃗−ZP. F⃗RC does not form a action-reaction pair with
another force.
The RFC needs to be introduced in case the motion is

described in a rotating frame of reference (non-inertial
frame) which has the origin at the position of the post and
rotates with the same angular velocity as the ball. In this
case, the ball rests in the non-inertial frame which means

that apart from the centripetal force which acts on the ball
another force is required which balances the centripetal
force. For this purpose, the RCF is introduced.

4. Snapshots of videos from different perspectives

The video which represents the inertial frame of refer-
ence, was recorded using the camera which is attached to
the outer frame. The top row in Fig. 9 represents seven
snapshots from this video. The video which shows the
motion of the sphere in the non-inertial frame of reference,
was recorded using the camera which is rotating with the
disc. Seven snapshots from this camera are shown in the
bottom row of Fig. 9.
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