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ABSTRACT— The present paper explores issues concerning Senior High School students’ teaching and
understanding of concepts and laws, related to the rotation of a solid body around a fixed axis of rotation, through a
properly designed experimental type of teaching intervention, that incorporates custom-made educational material and
utilizes ICT. Through an interdisciplinary-exploratory approach of teaching, the alternative ideas of 143 high school
students, aged 16-17, were initially identified. The students were divided into a control group and an experimental one
and completed a suitably designed questionnaire before and after the didactic interventions. The interventions aimed at
investigating the extent to which the experimental student group alternative ideas, taught through an experimental
scientific approach, changed compared to the ideas of the students of the control group, who were taught the same
subjects in a conventional way. The results, obtained from a quantitative and qualitative analysis of questionnaires and
interviews, indicate an improvement of the experimental student group understanding, in relation to the concepts of
rotational movement. Additionally, they indicate the development of a positive attitude towards the experimental
procedure, applied throughout the intervention, as opposed to that of the control group, where the teaching was carried
out in a conventional way.
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1. INTRODUCTION

Before formal instruction begins, students come to class with a variety of ideas, formed through their day-to-day
experiences (Widodo, Duit & Miiller, 2002). These ideas are generally intuitive and/or simplistic as opposed to scientific
ones (Lautrey & Mazens, 2004, Clement, Brown & Zeitsman, 1989). In science teaching literature, these ideas are
characterized as alternative and are particularly important because they shape and influence students” future learning and
consequently physics learning (Ozmen, 2005, Ausubel, 1963, Gagne 1965).

One of the most crucial points in the understanding of Physics, taught to Junior and Senior High School level students,
is that of the connection between power and movement (Carvalho & Sousa, 2005) and the study of the way it is approached
by learners, constituting a particularly important goal for teachers (Robinson, 2014). The concepts of force and motion are
related to Newton's laws, the understanding of which has been studied in detail, in relation to the metaphorical motion, in
the context of the Physics didactics research. It should be noted, however, that there is a small number of research papers
in the international literature that refer to rotational motion and its dynamics and the role of the moment of inertia and
scrolling, despite the fact that they are particularly difficult concepts for students to understand (Mashood & Singh, 2012;
Kladivova & Mucha 2014). The main points of specific surveys, related to the relevant areas, are briefly discussed below:
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The results of a study of students' alternative ideas about the concept of torque revealed that students believe that:
“every force acting on an object produces torque...” and also “...‘torque is the same as ‘force’ and has the same
direction....” (Klammer, pp.31,1998).

Rimoldini and Singh (2005) explored undergraduate University students’ alternative ideas for the concepts of scrolling,
rotational motion, and torque. They concluded that students had difficulty understanding the concept of torque and were
generally confused with the concepts of force and torque. They also noticed that some students did not understand the role
of torque in the changes of the angular velocity and acceleration.

In their paper, Sarioglan & Kiigiikozer (2013) aimed at exploring 10th graders' alternative concepts of torque, angular
momentum conservation and Kepler's second law of motion, using questionnaires, with open-ended questions. Their
research concluded that students’ pre-existing perceptions regarding torque and angular momentum were opposed to the
scientifically accepted ones. Furthermore, students also had alternative ideas for angular momentum conservation and
Kepler's second law.

Duman, et al. (2015) studied Primary Education University Department graduates’ alternative ideas and difficulties of
understanding the concepts of scrolling, rotational movement and torque. The analysis of their questionnaire data indicated
that there was no statistically significant difference in the responses of male and female learners, in relation to previously
examined concepts.

Pranata, et al. (2017) examined the degree of Senior High School students’ understanding of the concepts of rotational
movement with the help of an interactive simulation, assisted by a free body diagram (Tanang et al., 2014), a questionnaire
and a worksheet, specifically designed for it. Among other things, the researchers came into the conclusion that students:
found it difficult to define the concept of force in complex rotating systems, tended to believe that the upward force usually
has a positive torque and, vice versa, and knew that the moment of inertia of an object is affected by its mass and radius
but found it difficult to refer to this. Finally, they had difficulty determining constants and variables when applying
Newton's second law to rotational motion in the presence of torque.

According to other researchers, students confront difficulties in determining how the force acts when a body rotates
(Rimoldini & Singh, 2005; Mashood & Singh, 2012; 2015; Close, et al., 2013) and in explaining the way that the
distribution of mass of the rotating body affects its motion, as expressed through the moment of inertia (Leyvraz, 2015).

Rimoldini & Singh (2005) compared two groups, the first of which consisted of university students, while the second
group of high school learners. All participants experienced similar difficulties, regardless of their background, whereas the
higher mathematical complexity of the first group did not appear to have helped them to gain a deeper understanding. The
authors also found that some of the difficulties were due to the fact that, in rotational motion, participants used concepts
with a deeper reference to linear motion, while some other difficulties were due to the complex nature of the rotational
motion.

Close et al. (2013) asked students to compare the metaphorical motion of similar solids that differed only in the point
of application of the force. The researchers pointed out that the prevailing view among students is that the forces that cause
rotational motion have a reduced effect on metaphorical motion, as well as that the force contributes, partly, to rotational
motion. The researchers linked this to the way Newton's second law of rotational motion, as a rotational analog of the first
law, is presented in textbooks.

Rafon & Mistades (2020) investigated the effectiveness of the application of the flipped classroom teaching model and
the 5E model in the teaching of rotational movement to high school students, using a STEM approach. They found that
these have a positive effect on the factors evaluated in a STEM type didactic approach but also in the understanding of
natural concepts.

Khasanah et al. (2016) studied the evolution of students' mental models for the concepts of rotational motion. The
researchers observed that the solution strategies that students choose seem to depend on the form of representation with
which problems are introduced (De Cock, 2012). The complex problem chosen by the researchers concerned the dynamics
of the rotational motion. The researchers watched the students in their attempt to improve their original mental models in
order to finally arrive at a scientifically accepted mental model. The results showed that students of different grades have
the same initial difficulties in terms of the concepts of rotational movement and rolling.

In their work, Luchembe & Shumba (2019) explored the problems undergraduate students faced in understanding the
concepts of physics, related to circular and rotational motion. They proposed a method to improve comprehension that
combines practical work, PhET simulations, and a systematic feedback process, following the model of Nicol &
Macfarlane-Dick (2006). The researchers found that this approach improves students' learning of circular and rotational
motion.

Adbisa & Getinet (2012) studied the effectiveness of teaching methods and the extent to which they contribute to
improving students' understanding in general and rotational movement in particular. Their sample consisted of 11th graders
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from three Ethiopian schools, to whom they introduced the concept of rotational movement through guided discovery,
presentation-based teaching, and conventional teaching techniques. Their research results showed that the most effective
of all were the teaching interventions that used guided discovery, while teaching through presentations came second in
place as a method. The researchers pointed out that there is a strong correlation between students' achievement of
comprehension and cognitive background and this result is independent of the teaching method. Additionally, there was
no statistically significant difference between boys and girls in terms of comprehension.

From a different perspective, physics researchers and physics teachers have hypothesized that students do not use their
personal alternative ideas at school. Instead, they use ways through which they observe the world and talk about it, and
which are essentially related to the community they belong to (Matron, 1984, Lemke, 1990, Ueno 1990, Roth, 1995). This
hypothesis leads to the observation that, since particularly interesting interactions of science take place in students' daily
spoken exchanges, and regardless of the way they may approach learning, teachers should be aware of the way their
students argue, as well as the kind of arguments they use, in order to help them form scientific discourse. However, this
has rarely happened in the past (Lemke 1990, Roth 1995). In this perspective, Roth et al., (2001) presented the results of
two of their research efforts, in which they examined students’ speech and arguments, used for the observation and
interpretation of phenomena, involving concepts related to rotational motion. The findings of the first study showed that,
despite their pre-existing teaching, students' descriptions of rotational phenomena differed from the scientifically accepted
ones and were incompatible with the context in which they were taught. The second study highlighted the variations in
students’ arguments about rotational motion and their difference from scientifically accepted arguments. Overall, it seems
that only a small minority of students could give descriptions of the dynamics of rotational motion that were sufficient in
terms of scientifically acceptable descriptions.

In his doctoral thesis, Mashood (2014) presents the development and evaluation of a psychometric tool (concept
inventory) to explore concepts of rotational motion, as perceived by Senior High School students. The purpose of the tool
was to explore students’ difficulties and alternative perceptions through a selected set of multiple-choice questions (items).
The answers to these questions allowed the emergence of reasoning patterns which were obviously not in accordance with
the scientifically acceptable ones (Singh, 2011). The questionnaire was divided into three sections. The first part concerned
the rotational motion of a particle (Mashood & Singh, 2012a). The second part referred to the kinematics of rotational
motion (Mashood & Singh, 2012b, 2012c). Finally, the third part examined students' perceptions and reasoning about the
rotational motion of a solid body around a fixed axis of rotation (Mashood & Singh, 2014). Mashood (2014) found that,
regarding rotational motion, students: “.... have difficulty understanding the directions of angular velocity and acceleration,
as these are opposing to their intuition. They have the idea that angular velocity mimics the behavior of angular acceleration.
They lack knowledge about when to apply the equations that connect: velocity to angular velocity and position, acceleration
to angular acceleration and position, moment to moment of inertia and angular acceleration. They are reluctant to determine
angular quantities when the trajectory of motion is straight”. The final conclusion of Mashood's research was that, among
the students who were the sample of the research, there was a constant predominance in their thinking of interpretive
models that are not scientifically acceptable. One of the most important points of the research is the fact that part of the
questionnaire was given to students of the University of Washington. The result of the analysis showed that there is an
analogy between the models used by the students of that University with those of the students who participated in his
research.

Technology, engineering, and mathematics - STEM - are becoming especially important cognitive fields today. These
fields relate to upcoming and modern trends of educational systems that place an emphasis to them, aiming at their effective
teaching (Tsihouridis et al., 2013, Tsihouridis et al., 2014). According to Wang et al. (2011), the epistemological content
of STEM is based on the interdisciplinary teaching approach, which places each subject within a broader cross-curricular
framework, where the mathematical “literacy” has a key role. Each subject is approached in an interdisciplinary way and
in a broader context where, as in the case of this research, Science, Mathematics and Informatics and their application in
dealing with and solving specific daily problems that arise, play an important role. Yuliati et al. (2018) highlights the
positive contribution of STEM education in learning and understanding concepts and phenomena of physics.

This paper explores issues related to Senior High School students’ teaching and understanding of concepts and laws
related to the rotation of the solid body, around a fixed axis of rotation. This is done through a properly designed
experimental type of teaching intervention, that incorporates custom-made educational material and utilizes ICT
approaches with positive learning results (Tsihouridis et al., 2009, Tsihouridis et al., 2011). The teaching intervention here
is based on an interdisciplinary-exploratory S.T.E.M type approach to teaching.

2. THE RESEARCH

2.1 The Purpose of the Research-The Research Questions

The research aimed:

e Toexplore the initial ideas of high school students (aged 16-17 years) regarding the concepts related to rotational
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movement

e To compare the effectiveness of this didactic intervention, which is based on an interdisciplinary-exploratory
S.T.E.M type teaching approach, to a conventional type of a didactic intervention, implemented following the
guidelines of the school curriculum.

e To test whether alternative ideas can change to scientifically accepted ones, with the help of a specially designed
teaching intervention that utilizes a custom-made experimental device and ICT.

In particular, the present paper will compare the learning outcomes that result after the implementation of the teaching
intervention to Senior High School students, in terms of understanding concepts and laws related to the rotation of the solid
body, around a fixed axis of rotation. This will be in the context of an exploratory, hands-on didactic intervention
(experimental group), and compared to the respective learning outcomes of students of the same classes, who were taught
the same subjects with conventional teaching (control group).

Interdisciplinary Teaching Intervention Design (S.T.E.M.)

Hsu & Fang (2019) define STEM education as an educational approach in which, the content related to the subjects is
referred to a) as a group of individual ideas (multidisciplinarity) or b) as ideas integrated with problem solving (cross-
curricular or interdisciplinary approach). Based on Wang et al., (2011) the epistemological content of STEM is based on
the interdisciplinary teaching approach, which places each subject within a broader cross-curricular context, in which
mathematical “literacy” has a basic role. According to Abdullah, et al. (2014) students who acquire problem-solving skills
can analyze data by producing new information while, at the same time, improve their reasoning ability and creativity.
When this cooperation takes place within a group, students not only acquire knowledge, but they also experience positive
emotions towards the other members of the group, as they are trained within a social context, thus, gaining greater self-
awareness, self-esteem and self-confidence.

2.2 Scientific and Mathematical Approach to Hollow Cylinder Rotation

The present study will look at the case of the hollow cylinder and the concepts of rotational motion, as this rotates
around an axis of rotation, passing through the centers of its bases, finally focusing on calculating its moment of inertia.

The theoretical calculation of torque is given by the relation: I, = ; M- (R? + R%) (1)

where: M is the mass of the cylinder and R; and R the radii of the outer and inner circles respectively.

Calculation of the moment of inertia of a hollow cylinder, based on the custom-made experimental device. Physics and
mathematical approach.

Figure 1 shows the schematic representation of the hollow cylinder rotation as well as the cross section of the schematic
representation of the experimental device used in the research.
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Figure 1: Schematic representation of the experiment and cross section of the schematic representation

This phenomenon comes in two phases: the phase of the accelerated rotational motion of the hollow cylinder, during
the fall of the washer and the phase of the decelerating rotational motion that follows, due to the absence of the torque of
the force that causes the rotation of the solid.

For the accelerated phase of the solid:
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Body movement (washer mass m) (fig. 1)

As the washer mass m is released to fall (considering the friction and air resistance as negligible), the following
mathematical relations apply:

For the body (washer) m: £F, =m-a< m-g-T,=m-a< T,=m-g—-m-a=m-(g—a)(2)
For thecylinder: Xt =1I,-a;< T, R, —T-R,=1,-a;(3)

Where: Ru: outer radius of the hollow cylinder, R2: radius of the cylindrical axis of rotation (inner radius of the hollow
cylinder), T1: the tension of the thread at the point with the roller, T2: the tension of the thread at the point with the washer,
T: the friction between the hollow cylinder and the axis of rotation, a: the numerical value of the linear acceleration of the
washer, a1: the numerical value of the angular acceleration of the rotating solid, when accelerated during the fall of the
washer, a2: the numerical value of the angular acceleration of the rotating solid, when it decelerates after the fall of the
washer, Xr: the algebraic sum of the numerical values of the vectors of the torques exerted on the system (it makes sense
because moments of the same direction are exerted), Tr: T friction torque, Tr1: force torque T, Ix: the experimental value
of the moment of inertia of the body-system, m: Washer mass, M: Hollow cylinder mass, g: Acceleration of gravity (value
9,80655 m/s2 based on the literature) , h: distance of the washer from the ground, t: time of the washer falling from height
h.

Because T; = T, (we consider that the thread has a negligible mass and constant length), the above relation with the help
of (2) becomes:m-(g—a) R, —T R, =1, -a, (4)

Additionally, it applies: a=a, - R, (5)

The calculation of the numerical value of the angular acceleration az of the rotating solid, when it accelerates during the
fall of the washer, can also be done from the time of the fall of the washer from height h (2nd approach, fig.1b)
It applies, hZ%-a-t2 => u:i—: Ko o=a, R a =R2;};2(6)
N

For the decelerating rotational motion of the solid:

For the torque of the frictions =t will apply:

TT:T'R?:IH'!azl (7)

So, the relation (4) with the help of (5) becomes:
m'(g_a)'Rl_T'RZ =177:'a1<:> m'(g_a)'Rl_In'Iazl =In'a1<:>m'(g_a)'R1= n'a1+1n'|a2|<:>
m-(g—a) Ry =I;-(a; +|ay])
And we result in: I, = 2=k _ m@marR)Ry gy

) as+laz| as+laz|

Based on the relation (6), (8) becomes:

| m(g-2D R 9
2=z, — )
WHaZl
Based on the relations (8) and (9), the experimental determination of the moment of inertia of the hollow cylinder can be
done (all the values of the relation are measured or calculated experimentally, value g = 9.80655 m/s2) in two ways.

Finally, by comparing the two moments of inertia (theoretical and experimental), we can calculate the deviation at %
with the following formula.

Irr - 119
9
2.3 Engineering Approach to Hollow Cylinder Rotation. The Experimental Device

1(%) =

|x 100%

The experimental device consists of a suitable base, on which a rotating shaft is mounted. Hollow cylinders of different
materials can be fitted on it (in our case: wood, plastic and aluminum, fig.2) which, after the initial pushing, can be rotated
for a long time with (almost) constant angular velocity. On each cylinder, a neodymium magnet is fitted. Its motion is
detected by a Hall Effect sensor. This is essentially an angular velocity sensor connected to a Raspberry Pi system that
receives the measurements which are then automatically entered in the Libre Office (fig.3). It is essentially a self/custom-
made experimental device assembled by the participants, providing them (the students) with experiential experience at all
stages. The device is low cost and is characterized by sufficient reliability of the measurements taken
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Figure. 3. The experimental device used to study the rotational motion of the hollow cylinder

2.4 Technological Approach. Sensor Connection and Use of Raspberry Pi Computer/Programming Device -
Data Visualization

The experimental set up consists of the experimental device, which in our case is the rotating solid, the Raspberry Pi 3, a
hall Effect sensor (it is a type of sensor that detects the presence and size of a magnetic field), a rectangular neodymium
magnet of rectangular diagonal (mm) 3x1x1 and the laptop. The sensor is mounted on a base that we will hereinafter call
the sensor base and is connected to the Raspberry Pi. The sensor base and the Raspberry Pi are in turn adapted to the base
of each experimental device (fig.4).

In order to measure the angular velocity, we had to create a program that would run in the Pi environment. We chose to
create it using the Python language.

The program should enable us to simultaneously perform actions 2 and 3 above, i.e., to create the file and to have the
visual representation.
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Figure. 4: The Raspberry Pi program and the visualization of the measurements.

3. THE IMPLEMENTATION OF THE TEACHING INTERVENTION
3.1 The Sample

The sample consisted of 143 students deriving from four different Senior High Schools. The selection of the participants
was done with the technique of proportionate stratified sampling (Cohen et al., 2008). The experimental group (EG) and
the control group (CG) were formed by drawing and the data are presented in Table 1 below. The experimental group
consisted of 84 students and the teaching was carried out with the experimental set up, while the control group consisted
of 59 students and the teaching was carried out in the conventional way, as determined by the syllabus.

Table 1: The experimental and the control groups

Teaching Approach Group Code Number of students
1 Teaching in a conventional way Control Group (CE) 59
2 Teaching using an interdisciplinary STEM approach Experimental Group 1 (EG.1) 84
TOTAL 143

3.2 The Implementation

The students in both the control group and the experimental group worked in teams of 2-3 people. Before conducting
the research, the students of the experimental group became familiar with the experimental setup and the taking of the
measurements. The purpose of the activities, during the implementation of the didactic intervention, was the experimental
measurement of the moment of inertia of the three hollow cylinders and their comparison with the theoretical way of
calculating the moment of inertia of a hollow cylinder. During the experiment, the participants had the opportunity to
reflect and study the concepts and laws, related to the rotational motion of a solid body, that in this case were: the axes of
rotation, the angular velocity, the angular acceleration, the fundamental law of rotational motion, the equilibrium and
motion of a solid body around an axis of rotation, and finally the moment of inertia, the kinetic energy in rotational motion.

The participants in the experimental group determined the moment of inertia in two different ways. According to the
first way, these students were divided into ten (10) groups. The members of each group took five (5) measurements for
each rotating solid where the average of their measurements was the first measurement of the Group. Afterwards, each
group processed the data and calculated the moment of inertia of the cylinder. In this way ten (10) measurements were
taken for each solid and a total of 30 measurements for the three custom/self-made devices. In the second way, the
participants in each group took measurements that were automatically registered in the Libre Office, with the help of the
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angular speed sensor and the Raspberry Pi, and the result was again processed and exported. In addition, there was a
visualization of the angular velocity graph over time with the help of the Raspberry Pi (Figure 3) and the use of an
appropriate program in the Python programming language.

Throughout the teaching intervention, the students worked with an appropriate worksheet, following the structure of a
specific teaching scenario, based on the research evolving teaching model, which is compatible with an interdisciplinary-
exploratory S.T.E.M type approach to teaching. In this context, the participants in the experimental group formulated
hypotheses, worked with the data, compared their results and in combination with the theoretical way of calculating the
moment of inertia of a hollow cylinder, came to conclusions, taking advantage of the possibilities they were offered to use
the technology.

The final result of the processing of the averages of the thirty measurements, (10 for each solid) for the three types of
the hollow cylinders, are presented in summary in Table 2 and are visualized in Figure 5 that follows.

Table 2: Aggregate Experimental data and results of their processing

Rotating Equation of Equationof Angular  Angular Washe Moment Moment =g Moment wp)
cylinder  accelerated decelerating acceleratio deceleration rdrop of inertia of % of %
type rotational rotational n a2 (rad/s?) time Lith) inertia erro inertia error
motion motion o1 t(s) x10* Texp(1) r Iexp2)
(rad/s?) averag  kg-m? X104 X104
e kg-m? kg-m?
Plastic y=19,137x+ y=-0,656x + 19,137 -0,656 2,552 1,4931 1,5259 2,20 1,4818 0,76
hollow 16,061 47,526
Cylinder
Aluminu  y=7,777x+ y=-0,233x + 7,777 -0,233 40073  4,0075 39442 158 39396 1,70
m hollow 16,956 31,886
Cylinder
Wooden y=35510x+ y=-1,204x + 35,51 -1,204 1,9252 0,8015 0,7732 3,53 0,8006 0,11
hollow 19,838 67,662
Cylinder

From the analysis of the experimental data of the ten (10) measurements, we observe that the minimum value of the
deviation of the experimentally calculated value of the moment of inertia from the theoretically calculated value is:

a) For the case of calculation of the angular acceleration al of the rotating solid from the slope of the line of the
diagram o (t): 0.07% (plastic cylinder) in absolute value and the maximum value 7.36% (wooden cylinder) in absolute
value, with the value range by absolute value of the deviation being at 7.29%

) For the case of calculation of angular acceleration al of the rotating solid of the relation from the time of falling of
the washer t from height h: 0,33% (plastic cylinder) in absolute value and the maximum value 6,29% (wooden cylinder) in
absolute value, with the value range by absolute value of the deviation being at 5.96%.

The deviations are considered very satisfactory for both cases, showing the reliability of the whole experimental device
for calculating the moment of inertia of hollow cylinders of different materials and consequently the study of the whole
phenomenon of rotational motion of solids.
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Figure. 5: Common diagram of the angular velocity-time graphs of all three cylinders during their rotational motion.

We observe that all the experimental data for the different types of cylinders correspond very well to the study of
rotational motion. This results from the above diagram where the trend line of the points in the diagram o (t), in both
accelerated and decelerated rotation of the rollers, are straight with an adjustment factor of 0.989 - 0.995 in accelerated
motion and 0.999 in decelerated motion. From the very good fit of the trend line, the values of the angular acceleration al
and the angular deceleration a2 result from the respective inclinations of the lines (lines) in diagram o (t).

3. 3Data Collection Tools

For the purposes of this study and in order to find possible answers to the research questions, a questionnaire was given to
both groups, the same before and after the teaching interventions. Especially for the experimental team, a focus group with
twelve randomly selected students from the EG was formed, with whom all aspects of the intervention process were

discussed.

The questionnaire, designed for the needs of the research, included forty-two (42) questions in its pilot phase. After
processing the answers of the participants in order to improve it, thirty-two (32) questions remained in the final version
which were used in the main research. The main research questionnaire was checked for content validity, structural validity,
reliability, internal consistency and synchronous validity. The reliability (and validity) of the questionnaire were mainly
tested using a pre-testing evaluation. The statistical analysis was done with the Statistical Package for Social Sciences
(SPSS) for which the University of Thessaly is a legal user, as well as with a suitable program in Excel. The analysis of
the results gave the reliability of the questionnaire in terms of its internal coherence and its structural validity values for
the Cronbach coefficient o, for the pre-test a = 0.809 and for the post-test a = 0.812. It should be stressed here again that,
during the research, the qualitative data, collected from the focus group, were used to support the quantitative data.

Table 3 below shows the main categories of the subject and their subcategories in relation to the respective questions
(items), as these were used to analyze the answers in the questionnaires.

In the context of the questions analysis, we investigated the rotation of a solid body through a questionnaire and the
questions were categorized into seven main axes and thirteen secondary axes, as shown in Table 2 below.
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Table 3: Categories and subcategories of the teaching objectives

Categories of teaching objectives Subcategories Question
number
O1. Characteristic quantities of the S1. The concept of rotation 18
rotational motion of solid (Objectives 1-6) S2. Determination and explanation of the 11
axis of rotation
S3. The concept of angular velocity 2,9,12
S4. The concept of linear (tangential 10
velocity)
S5. The concept of angular acceleration 13,17
S6. The concept of centripetal acceleration 15,16
02. Force torque (Objectives?) S7. The concept of force torque 4,6,7,14,22
03. Moment of inertia (Objective 8) S8. The concept of moment of inertia 3,25,27,32
O4. Fundamental law of rotational S9. Understanding the Fundamental Law 18,2
motion/Solid equilibrium (Objectives 9— of Rotational Motion
10)
S10. Understanding the balance of solid 30,31
bodies
O5. Angular momentum/ Conservation of ~ S11. Understanding the concept of angular 21,28
Angular momentum (Objectives 11-12) momentum
S12. Understanding and applying the 5,23
principle of conservation of angular
momentum
06. Work/Energy in rotational motion S13. Work/energy in rotational motion 19, 24,26,29
(Objectives 13)
O7. Rotational Motion (total) total

4.

DATA ANALYSIS

4.1 Quantitative analysis

In the present case we consider the Exercise Group as an independent variable with two levels [1: Experimental Group
(PO) and 2: Control Group (OE)] and as a dependent variable we consider the answers of the participants concerning the
thirty-two (32) questions in the research tool. The categories and subcategories per subject, as well as the questions
corresponding to each category and subcategory, are those listed in Table 1.

In order to investigate the performance of the students per teaching objective of the main category of both groups,
during the post-testing, we will formulate hypotheses.

The research hypotheses are formulated as follows:

Null hypothesis Ho: The value distributions of the factor Oi - Student Performance of the populations per subject, from
which the two samples come from (Experimental and Control Team) are exactly the same during the post-testing process

(Moi = pai)-

Alternative hypothesis H1: The value distributions of the factor Oi - Student Performance of the populations per subject
from which the two samples come from (Experimental and Control Team) differ in their average during the post-testing
process (Lo # 1i)-

The diagram in Figure 6 shows the errors for the participating research groups of students in the post-testing process.
From the diagram of fig. 6 we conclude that there is a significant difference between the two groups for the factors of the
teaching objectives of the main category O1, O3, 06, O7: (a) Axes of rotation, angular/linear velocity, angular/linear
acceleration, b) Moment of inertia, c) Work-energy in rotational motion and d) Rotational motion), as the respective
overlaps are greater than half the average margin of error, while for the other factors they are not.
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Figure 6. Error chart for the participating groups, comparing pre-test and post-test

In order to investigate the performance of the students of the two groups [1: Experimental Group (PO) and 2: Control
Group (OE)] in the teaching subject per secondary teaching objective (Sii =1, 2..., 7), the non-parametric Mann-Whitney
U criterion for independent samples was used.

The research hypotheses are formulated as follows:

Null hypothesis HO: The value distributions of the Student Performance factor of the populations in the subject per
secondary subject (subcategories of the main subject Oi) Sj, from which the two samples (Experimental and Control Group)
come, are exactly the same during the post-testing process (poj = plj).

Alternative hypothesis H1: The value distributions of the Student Performance factor of the populations in the subject
per secondary teaching objective (subcategories of the main teaching objective Oi) Sj, from which the two samples
(Experimental and Control Group) come from, differ in their average post-testing process (uoi # pli).

The results of the Mann-Whitney criterion of the average of each team ranking [Average] and the sum of the scores
[Sum of places], as well as the data on the mean and standard deviation, are shown in Table 4.4.

Table 4: Results of the Mann-Whitney criterion of the mean of each group hierarchy [Mean Rank] and the sum of the
hierarchies [Sum of Ranks], as well as data on mean and standard deviation and Inductive statistics (p-value) value)

Ranks Descriptive Inductive
Statistics Statistics
Gravamen = Subcategory /Sub- = Research N Mean = Sumof = Mean Std. p-value
objective group Rank Ranks Deviation
-5 S1. The Concept of EG 84 76,81 6452,00 63,10 4,07 0,046
£ rotation cG 59 | 6515 @ 384400 51,69 4,98
(=]
s g S2. Determination and EG 84 80,41 6754,50 60,71 5,36 0,001
s g 5 explanation of the axis CG 59 60,03 3541,50 32,20 6,14
==l of rotation
° =2 S3. The concept of EG 84 72,82 6116,50 50,79 2,96 0,765
] i
588 angular velocity. cG 50 7084 | 417950 4859 3,81
[N
& ; S4. The concept of EG 84 79,58 6685,00 83,33 4,09 0,001
g2 linear (tangential cG 59 6120 | 361100 @ 57,63 6,49
= velocity)
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S7. The concept of
force torque

S8. The concept of
moment of inertia

S9. Understanding the
Fundamental Law of
Rotational Motion

S10. Understanding the
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S11. Understanding the
concept of angular
momentum.

S12. Understanding
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principle of
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momentum.
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84
59
84
59
84

59
84
59

84
59

84
59

84
59

84

59

84
59

74,63
68,25
76,32
65,86
75,24
67,39
82,86
56,54

72,35
71,51
76,29
65,89
75,60
69,47

77,45
64,24

80,94
59,27

6269,00
4027,00
6410,50
3885,50
6320,00
3976,00
6960,00
3336,00

6077,00
4219,00

6408,50
3887,50

4460,50
5835,50

6506,00

3790,00

6799,00
3497,00

60,12
54,24
47,02
37,29
45,24
40,34
66,96
46,61

39,29
38,14
57,74
48,31

39,83
35,12

66,67
55,08

53,57
39,41

4,04
4,73
391
4,62
2,63
3,37
3,00
4,03

3,79
4,25
3,93
4,35
3,97
3,57

3,53

4,31

3,14
2,85

0,033

0,107

0,251

<0,001

0,986

0,031

0,330

0,038

0,001

From the comparison of the average hierarchies for the factors we are interested in, we conclude that there are factors with
significant differences between them in the Mean Rank, such as:

a)
b)
c)
d)
e)
f)

9)
h)

S1. The concept of rotation

S2. Determination and explanation of the axis of rotation

S4. The concept of linear (tangential velocity)

S5. The concept of angular acceleration

S8. The concept of moment of inertia

S10. Understanding the balance of solids

S12. Understanding and applying the principle of conservation of torque

S13. Work/energy in rotational motion,

which are statistically significant, as shown by the use of the non-parametric Mann-Whitney U independent sample

previously. There are also factors with insignificant differences in the Mean Rank, such as:
a) S3. The concept of angular velocity
b) S6. The concept of centripetal acceleration
c) S7. The concept of force torque
d) S9. Understanding the Fundamental Law of Rotational Mation

e) S11. Understanding the concept of torque,

which are statistically insignificant, as demonstrated by the use of the non-parametric Mann-Whitney U independent
sample above.

The analysis of the answers in the pre and post-test, as mentioned in the above tables, showed that, between the groups
in the post-test, there is a significant difference between the experimental group E. G. and the control team C.G.
(conventional teaching), which leads to an understanding that the didactic approach with simple custom/self-made
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experimental devices seems to be the most effective teaching method for the specific teaching goal and for the specific
group of students.

4.2 Qualitative analysis

In this section we present the results of the findings from the discussions among the randomly selected twelve students
from the experimental group.
The focus group participated in three rounds of discussions. The first three rounds were about the following issues:
¢ What they knew about the basic concepts of rotating solids around a fixed axis before the experiment, and what they
learned after the experiment.
e What they think of the experimental device that uses the Raspberry Pi and the Hall Effect sensor.
e To express their general opinion on the interdisciplinary STEM didactic approach used to teach science concepts
In the fourth round, participants were invited to work in groups and report the results of the discussions to the plenary.
The dialogues of the discussions were recorded throughout the sessions, transcribed and categorized by teaching goal,
following the structure of table 2. The responses from the discussions were analyzed using the content analysis method.

The findings of the discussions show students’ difficulties in understanding concepts of rotational motion, such as force,
force torque and rotation. Indicatively, we mention students’ alternative ideas before their participation in the experimental
group: “...every force acting on an object produces torque...”, “... “Torque’ is the same as ‘force’ and has the same
direction...”. The above comply with the results of Klammer (1998) research. Additionally, several students considered
that “... constant torque produces constant angular velocity...” a view that is in line with the research findings of Rimoldini
& Singh (2005). Difficulties in understanding were also found in the concept of rotation and specifically in the pre-existing
perceptions that “... Objects that move in a straight line do not have a torque...” and that “... ‘torque’ is not a vector
quantity...”.

These findings are consistent with what Palmieri & Strauch (1963) report in their research. The students in this research
talked about the easiness of use of the Raspberry Pi and its connection to the sensor and the laptop. One student said: “I
see how important is its usefulness in angular velocity measurements for further calculation of the moment of inertia of the
rotating solid”.

As for the experimental process, one student stated “it would be good to use experimental devices with self-
constructions and approaches with STEM activities in physics, where possible, because they help to understand physics
concepts”.

Finally, in terms of approaching physics concepts through the STEM interdisciplinary approach, all participants
reported that the experiments helped them to understand concepts that were “confusing” to them. For instance, a student
stated: “Mathematics and physics lessons present difficulties, but with the use of custom/self-made constructions and
technologies, the lesson becomes more enjoyable, more original and helps even the weakest students to cope with the
difficulties of understanding these lessons”.

5. CONCLUSIONS

This study was conducted to identify the effects of the STEM interdisciplinary approach on the understanding of
concepts of a solid body rotation around a fixed axis of rotation. The results of the qualitative and quantitative analyses
show that the experimental group, that used the experimental devices, had better results in understanding the concepts for
the four out of the six main teaching objectives and specifically in the O1 axes. Characteristic quantities of the rotational
motion of solids, O3. Moment of inertia., O6. Work-energy in rotational motion, O7. Rotational Motion (total). As for the
secondary teaching objectives, from the total of thirteen objectives, we had a significant improvement in eight of them, and
specifically in: S1. The Concept of rotation, S2. Determination and explanation of the axis of rotation, S4. The concept of
linear (tangential velocity), S5. The concept of angular acceleration, S8. The concept of moment of inertia, S10.
Understanding the balance of solid bodies, S12. Understanding and applying the principle of conservation of angular
momentum. S13. Work/energy in rotational motion.

This research was conducted with high school students, aged 16-17 and showed that the teaching approach through
STEM activities brings better results in understanding physics concepts and therefore the natural world around us. The
results of the research are the same as those of Wade-Shepherd (2016), who found that students who attended a STEM
training program had a significantly higher performance in mathematics and science than those who attended the
curriculum through conventional teaching. Acar et al. (2018) came up with the same results for primary school students,
and discussed the positive effects of the STEM teaching approach for mathematics and science. Furthermore, in his research
for secondary school students, Olivarez (2012) had come to the same conclusions by recording the effects of the STEM
interdisciplinary approach on mathematics and science.

The qualitative analysis showed that the teamwork in the experimental group had a positive effect on the students,
during the STEM activities, as they collaborated with one another to make joint decisions. The participants also expressed
their desire to use STEM activities in the teaching of science concepts, wherever and whenever possible, as in their opinion,
this has added didactic value to their learning.
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