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Part 5: Teaching Learning Sequences and Innovative Interventions for 
Teaching and Learning Science 

Editors: Italo Testa & Nikos Papadouris  

Introduction 
This chapter gathers the contributions to the ESERA 2021 e-proceedings for STRAND 05. The 
strand focuses on Teaching Learning Sequences (TLSs), namely structured sequences of 
instructional activities, with well-documented suggestions for teachers and expected student 
learning gains. In other words, studies in this strand are prominently empirical, including small-
group interventions, with emphasis on the evaluation of students’ learning and affective 
outcomes.  

ESERA Conference 2021 was held remotely due to the COVID-19 pandemic. Despite such a 
modality, overall, 19 oral contributions, one symposium and 7 posters were presented in this 
strand. Eight oral contributions and 4 posters have been included in the e-proceedings.  

Amongst the eight studies presented as oral contributions, two concern physics topics, two 
reports on biology topics, two address teachers’ adaptations of TLSs, whereas the last two 
concern the development of students’ modelling skills.  

The two contributions in the physics domain address atomic structure and heat and temperature. 
Kardaras and Kallery present a TLS about the Bohr Atom and spectroscopy using the Model of 
Educational Reconstruction as a theoretical framework. The TLS also exploits Tracker software 
to analyze Sun’s spectrum. Results show a significant positive impact on students' learning 
outcomes. Monti and Daffara describe a TLS that focuses on heat and temperature. The TLS 
uses online sensors and thermal cameras to study temperature vs time graphs and heating 
processes. The TLS was implemented with prospective primary teachers.  Results show that the 
prospective teachers found helpful the use of sensors and thermal cameras to introduce the 
targeted topics.  

One of the two contributions about biology topics address biodiversity. Alitto et al., in 
particular, present a TLS to improve Brazilian students’ knowledge of marine biodiversity. The 
second contribution concerns genetics. Specifically, López-Fernández and Franco-Mariscal 
used the Simpsons characters to address genetics topics in a TLS implemented with prospective 
teachers. Results suggest that the proposed TLS could facilitate the teaching of science topics, 
although adaptations were deemed important for classroom implementation.  

The latter issue, namely the teachers’ adaptations of TLSs when incorporating them into their 
classroom practice, is addressed by two contributions. Gieske and Bolte present the adaptation 
of a chemistry-based TLS in different phases (disaggregated instruction approach) to meet the 
conditions of a diverse student population in a multilingual, urban setting in Germany. Despite 
a promising, positive effect, the results of the main study do not show significant differences 
between the treatment and control groups. The second study by Michailidi and Stavrou 
specifically concentrated on teachers’ adaptations of TLSs and focused on innovative topics 
such as nanotechnology, microplastics and milk carbohydrate. The results show that teachers 
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carried out adaptations along three dimensions of the TLS: the activity sequence per se (adding 
or skipping an activity), the kind of teaching materials used, and the targeted science concepts.  

The two contributions to modelling present different methods and contents. Muñoz-Campos et 
al. present a TLS about models of milk fermentation. The results show that students’ models 
evolved towards a scientific view during the implementation of the TLS. Taramopoulos and 
Psillos explored the development of procedural knowledge and experimentation skills in high-
school students after an inquiry-based TLS about AC electric circuits. The results show that the 
TLS was effective in helping students advance both their design and experimentation skills.  

The four remaining papers concern the poster sessions of the conference. In the Carvalho and 
Guerra paper, a 4-hour TLS about the effects of microorganisms on human health is presented. 
The paper also reports the TLS development and validation by two external experts. Angele et 
al. developed an interdisciplinary TLS about foodstuffs and alcoholic long drinks. The authors 
present the design principles, example materials and how they drew on the empirical data to 
redesign the initial version of the TLS. The third paper, by Becker and Hopf, describes the 
development of a TLS about energy – field approach. The authors present the activity sequence 
and two cycles of design and evaluation, including examples of how the initial TLS was revised. 
Finally, Sutrini et al. discuss a TLS about quantum computation and information. Using the 
Model of Educational Reconstruction, the authors describe the activity sequence and 
preliminary results concerning students’ engagement in the activities and conceptual 
understanding of the targeted concepts.  

Overall, the studies presented in this chapter of the e-proceedings expand the current TLS field, 
drawing on a range of theoretical and methodological frameworks. All papers provide useful 
insights into the research field of TLS development with implications that could be relevant to 
a broad range of contexts.  
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TEACHING THE MODEL OF THE BOHR ATOM USING THE 
LINE SPECTRUM 

Ioannis Kardaras1, Maria Kallery2 
1,2Aristotle University of Thessaloniki, Thessaloniki, Greece 

Line spectra generated by electron transitions between energy levels of the atoms are important 
for the understanding of contemporary physics. Teaching them with experimental activities can 
motivate students to learn and help them obtain a more profound and qualitative understanding 
of the atomic structure and its applications. In this study, we present a module for teaching the 
model of the Bohr atom using linear spectra of chemical elements. The design of the module 
was based on the model of educational reconstruction. Students' previous ideas were 
investigated, and textbook analysis was carried out. The students in upper secondary education 
were engaged in a combination of computer simulations and hands-on activities that helped 
them develop a more complex and structured knowledge of the subject. A ten-multiple choice 
questionnaire was administered before and after the implementation. The data was analyzed 
both qualitatively and quantitatively. The results showed that the intervention had a significant 
positive impact on the students' learning outcomes. 
Keywords: Conceptual Understanding, Inquiry-based teaching, Models in science 

INTRODUCTION 

The understanding of linear spectra plays a key role in the study of atomic structure. Although 
teaching linear spectra is a fundamental part of teaching Physics in many schools, research on 
students' learning and teaching is lacking in this content area (Ivanjek et al., 2020; Savall-
Alemany et al., 2016). This, especially in the Greek curriculum (since the study has been carried 
out in Greece), places a greater emphasis on mathematical formalism than on the knowledge of 
the phenomenon and leads students to memorize mathematical equations without fully 
understanding them. Added to the above is the fact that the textbook used in the 2nd grade of 
Lyceum follows a similar structure as university textbooks without modifying or adapting the 
topic to the student's cognitive level or pre-existing knowledge, thus adding further difficulties 
in comprehension. In view of all the above, our aim was to assist students in secondary 
education to acquire an integrated view of the model of the Bohr atom and line spectra of the 
atoms. In the present study, we investigate how the experimental activities used in an 
intervention with the above aims impact on students’ learning of the model of the Bohr atom. 

Theoretical background 

In the 19th century, scientists discovered that each element produced its own discrete set of 
spectral lines. They used the spectroscope to observe these atomic spectral lines. After 
examining the atomic spectra of various chemical elements, they noticed that hydrogen could 
emit and absorb only four wavelengths in the visible spectrum.  

In 1885, Balmer noted a regularity in the frequencies of the Hydrogen spectral lines, and to 
calculate the wavelengths of the spectral lines that specific energy transitions produce, he 
proposed the following formula:  

   )11(1
22
ix nn

R 
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where nx and ni are integers and R is Rydberg constant with a value of 17101.0973732  m .  

Rydberg also noticed that the sum of the frequencies of two lines in the spectrum of hydrogen 
often equals the frequency of a third line (Hewitt, 2014). Although Balmer and Rydberg could 
not explain the cause of this phenomenon, this regularity had an enormous impact on the 
description of the atomic structure. It was Bohr who formulated a theory to explain the spectral 
lines.  

In 1913, Bohr applied the quantum theory of Planck and Einstein to the nuclear atom of 
Rutherford and formulated its model. The basic ideas of the Bohr theory, as it applies to an 
atom of hydrogen, are as follows: Electron moves in circular orbits with varying radii around 
the proton under the influence of Coulomb’s attractive force and occupy "stationary" states (of 
fixed energy) at various distances from the nucleus. These orbits are stable and are the ones in 
which the electron does not radiate. He also supported the idea that radiation is emitted by the 
atom when a quantum jump occurs from a higher to a lower energy state. Thus, the equation 
that can be used to calculate the energy and frequency of the emitted radiation is 

 

Where Ei is the energy of the initial state, Ef is the energy of the final state. 

Bohr proposed that the emitted photon's frequency is not the classic frequency at which an 
electron is vibrating but, instead, is determined by the energy differences in the atom. From 
there, Bohr could take the next step and determine the energies of the individual orbits (Hewitt, 
2014).  

To describe the model of the Bohr atom, several concepts and phenomena such as circular 
motion, Coulomb's law, kinetic and potential energy, energy conservation, emission and 
absorption of light, and discrete energy levels are required. The synthesis of these concepts and 
phenomena assists students to gain a deeper understanding of them (Arons, 1990).  

Bohr’s hydrogen model was extended to other elements in which all but one electron had been 
removed. These atoms are called hydrogen-like atoms. If the atomic number is Z, then the 
nuclear charge is Ze and such one-electron atoms are singly ionized He+ or doubly ionized 
lithium Li2+. Then, since the energy levels of the Bohr atom are En=E1/n2, the energy levels of 
these atoms are multiplied by Z2. Also, atoms of the alkali metals are approximately hydrogen-
like.   

Ionized elements such as He+, Li2+ and Be3+, were suspected to exist in hot stellar atmospheres 
where frequent atomic collisions occurred with enough energy to completely remove one or 
more atomic electrons. Bohr showed that several mysterious lines observed in the Sun and stars 
could not be due to hydrogen but were correctly predicted by his theory if attributed to singly 
ionized helium (Serway et al., 2004). 

METHODOLOGY 

Design and implementation of the module 

The teaching intervention was designed taking into consideration the physics curriculum of the 
country (Greece) and, in particular, the concepts of physics that it includes, as well as the 
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duration of the course. The design of the module was based on the model of educational 
reconstruction (Duit et al., 2012): it is iterative, with three intertwining components: (i) analysis 
of the content structure, (ii) empirical investigation (textbook analysis and student ideas), and 
(iii) construction of instruction.  

In order to help students, deepen their knowledge and acquire a functional understanding of the 
atomic structure according to the model of the Bohr atom, we developed experimental activities 
for a direct and articulate experience of the line spectra. The main learning objectives of these 
activities are for students to understand the description of the model of the Bohr atom, to 
observe and measure the wavelengths of the spectral lines and determine the relationship 
between these wavelengths and the atomic energy levels, to be able to relate theory to starlight 
spectra, and to process the Sun’s spectrum and observe the lines of absorption. On the one hand, 
Starlight can help students acquire a more profound knowledge of the topic and, on the other 
hand, strongly motivate their learning of the subject. 

The present study was guided by the following research questions: 

(1) How can we design a teaching module based on a sequence of activities that helps students 
understand Bohr’s atomic model within the frame of linear spectra? 

(2) What is the effectiveness of the designed teaching module in students’ conceptual 
understanding of the topic related to the linear spectrum of the atoms, especially of the 
Hydrogen atom? 

The first steps towards an educational reconstruction of Bohr’s atomic model and its linear 
spectrum consisted of identifying key concepts and laws and reviewing students’ conceptions 
of this topic. 

Our intervention lasted 4 hours and was implemented to 38 students aged 17. The final 
implementation was preceded by a one-year pilot implementation. The instructional approach 
used was that of structured inquiry. The students were engaged in a combination of computer 
simulations and hands-on activities. They recorded and processed their observations.  

In the first activity, students were introduced to Bohr's model of the atom by using software 
(available at https://astro.unl.edu/naap/hydrogen/hydrogen.html) and investigating the 
interaction of a Hydrogen atom with photons of various wavelengths. With the use of the 
software, the students predicted and confirmed the assumptions of the model.  

In the second activity, students observed the linear spectra of several gas discharge tubes 
(Hydrogen, Helium, Mercury, and Neon) and measured the wavelengths of the lines that 
appeared in the spectrum, focusing on the Hydrogen spectra (Figure 1). Then, by applying the 
mathematical equations of the Bohr model, they calculated the energy of the atomic levels of 
Hydrogen and found the electron transitions which produce the lines of the spectrum. Having 
established the description of the Bohr atom, we sparked students’ interest and fostered useful 
discussion by posing the following question: How can we calculate the Planck constant using a 
spectroscope and a lamp containing a heated gas of Hydrogen? The purpose of this experiment 
was to assist students to work using the scientific method and observe the spectrum, measure 
the wavelengths of the lines, calculate the energy levels, and finally calculate the Planck 
constant.  
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Figure 1. The light emitted from a lamp containing a heated gas of H2 and its line spectrum. 

In the third activity, we initially started discussion by posing the following question: how can 
we determine the wavelengths of the dark lines in the Sun’s spectrum knowing that the Sun, 
among other elements, also consists of Hydrogen? Firstly, we described the formation of the 
stellar absorption spectra, and subsequently, students used the spectroscope to analyze the 
sunlight and observe the resulting spectrum (Kardaras & Kallery, 2020). Also, a camera, which 
was adjusted to the spectroscope's eyepiece, took a photo of the solar spectrum. We asked 
students to calculate the wavelengths of the dark lines of the solar spectrum due to Hydrogen 
in order to apply their theoretical knowledge in practice, providing them with experience from 
authentic situations (Figure 2). 

 

Figure 2. The spectrum of the Sun, taken with a spectroscope, shows the expected dark lines drawn by the 
students and considered to be the result of the existence of hydrogen.  

Students then processed the photo of the Solar Spectrum they took and specifically analyzed it 
with the Tracker software (see Figure 3), (available at https://physlets.org/tracker/), which is an 
Open-Source Physics tool built on the OSP code library (Brown, 2020). After that, they 
extracted the experimental data obtained from the spectrum, processing the wavelengths of the 
spectral lines, and confirmed that the Sun consists of Hydrogen, Sodium, and Iron (Figure 3). 
In particular, for the Hydrogen atom, students determined the corresponding electron transitions 
that produced its lines. 

 

Figure 3. Screenshot of the Tracker analysis of the Sun’s spectrum having defined the range of the 
wavelength. Many lines are observed as absorption peaks (Ha, Hβ, Na, Fe). 

In the fourth activity, students were shown images of the stars’ spectra and were asked to find 
out what chemical elements the stars are made of. Also, students compared the positions of the 
spectral lines of the Solar spectrum with those of the chemical elements and matched the lines 
that appeared at the same wavelengths (Figure 4). 
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Figure 4. Identifying chemical elements in the Solar spectrum.  

Assessment of students’ learning outcomes 

To evaluate students’ learning progress, in addition to the other evaluation tools (worksheets 
and interviews), we used a questionnaire of ten multiple-choice items, two of which are 
presented in Table 1.   

Table 1. Sample questions for the evaluation of students’ learning outcomes. 

Q1. Excited hydrogen atoms are at energy level n. If there are six lines in the linear emission spectrum, then n 
is  
a. n=3 b. n=6 c. n=5 d. n=4 
Q2. An excited hydrogen atom is in energy level n=3. Which is the least energy for the excited atom to be 
ionized?  
a. 13.6 eV b. 1.51 eV c. 12.09 eV 

 
Q3. An atom with three energy levels (the ground and two others) absorbs photons of white light and its 
electrons make the transition to the two other levels. During its deexcitation, it emits photons: Which of the 
following spectra will we notice? 
a. An absorption spectrum with a single dark line. 
b. An emission spectrum with two dark lines. 
c. An emission spectrum with three colored lines. 
d. An emission spectrum with two colored lines. 

 

Students were also asked to complete a questionnaire with open-ended questions (see Young et 
al., 2014; Hewitt, 2014) to test their understanding of the topic and to examine whether they 
had developed critical and scientific thinking about this subject area. They were asked to justify 
their responses in writing by explaining their reasoning in words and mathematical calculation. 
The levels of understanding of each response were evaluated as correct, partially correct, or 
incorrect. Two of the questions are presented in Table 2. 
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Table 2. Sample open-ended, explanation-type questions for evaluating the quality of students’ 
argumentative discourse. 

Open-ended questions             
Q1. Could you explain why the Hydrogen spectrum has many lines although the Hydrogen atom consists 
of only one electron?  
Q2. In the Sun's spectrum, with your spectroscope, you can observe the lines of the Balmer series, 
especially the blue-colored line. Could you explain the electron transition that produces this line?  

 
             

 

Implicit in the question Q1 is the idea that the observed lines are produced from the electron 
transition between the large number of atomic energy levels in an atom, and in Q2 is the idea 
that the blue line corresponds to the visible range of radiation and therefore the transition from 
a higher energy state to the state with quantum number 2.  

DATA ANALYSIS AND RESULTS  
Multiple-choice questions 

We performed a dependent t-test that compared the mean difference between our samples 
(Field, 2013). Specifically, each correct answer was assigned 1 point. Thus, for a student who 
had answered correctly all the questions, the total maximum score was 10. The statistical 
analysis of the responses showed that the impact of the intervention on students’ understanding 
was noteworthy, since the mean value and the standard deviation before the main 
implementation were M=1.55, SD=0.91, while after M=6.84, SD=1.70 respectively. The 
difference in performance, as evaluated using the statistical package SPSS 23, is statistically 
significant (t=34.107, df=37, p<10-4). The results obtained from these three questions, before 
and after the intervention, are shown in Figure 5. High scores were attained after the 
intervention, and a noticeable improvement can be seen.  

 

Figure 5. Distribution of students’ scores for the overall test before and after the intervention. 

The results of the students' responses to three questions of the multiple-choice questionnaire 
that we described above are presented in figure 6.  
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Figure 6. Percentages of students’ correct answers to three questions before and after the teaching 
intervention. 

Questionnaire with open-ended questions 

The qualitative assessment of the data indicated that before the intervention, none of the 
students answered correctly. Only a small percentage of them were able to answer partially 
correct, due to their lack of knowledge, having many difficulties in answering the questions. 
After the intervention, students were able to answer correctly and partially correctly, achieving 
average scores of 24% and 34%, respectively, for question Q1 and average scores of 26% and 
42%, respectively, for question Q2, as shown in Figure 7.  

 

Figure 7. Quantitative assessment based on students’ answers to the question Q1 before and after the 
implementation of the teaching module. 

DISCUSSION 

The present study provides an insight into how upper secondary students can be introduced to 
concepts and laws that describe the atomic energy levels of the model of the Bohr atom using 
the linear spectra of several light sources, including the linear spectra of the Sun and several 
chemical elements. The findings of the study create perspectives that the combination of the 
specific content with hands-on activities, simulations, and software and their application in the 
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laboratory in astrophysical settings can be effective for the teaching of such complex and 
difficult concepts and laws in secondary education. Overall, teaching the physical quantities 
and equations of the model of the Bohr atom by studying line spectra, was fruitful. Nevertheless, 
our study continues with further applications for the improvement of the intervention as well as 
with investigations of the students’ attitudes towards the implemented experimental procedures.  
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INTRODUCING THE CONCEPT OF ENERGY 
THROUGH HEAT AND TEMPERATURE 

BY MEANS OF INFRARED THERMAL CAMERAS 
Francesca Monti1, Claudia Daffara 

1Dept. of Computer Science, University of Verona, ITALY 
The historical development of the concept of energy can be brought back to the early studies on heat by 
Mayer and Joule, suggesting that a unified treatment of heat, temperature and energy can be a possible 
route for teaching these complex subjects in an integrated way. We projected and experimented a learning 
path centred on the relation of the concepts of heat and temperature with the concept of energy and 
proposed it to a class of prospective primary school teachers (PPTs) in the framework of the Lab module 
of the course in Physics Education in a combined bachelor and master degree in Primary School 
Education in Italy. The intervention extends a previously developed approach based on the use of online 
sensors so as to highlight the concept of energy through the use of thermal cameras. In this work, we 
investigated how much the proposed path, activities and methodologies can help PPTs in learning and 
teaching the concepts of heat, temperature and energy as related to the use of online sensors and/or of 
thermal cameras. The study has been conducted through post-assessment questions, worksheets and 
final interviews. 

Keywords: Infrared thermal cameras, Temperature, Energy 

INTRODUCTION 
Research literature has widely addressed the problem of how the concept of energy should be 
introduced and treated at the school level and the debate is still open [Heron 2014, Takaoglu 
2018]. The importance of addressing it already at the primary school level has also been 
recognized [Heron 2009]. On another side, the historical development of the concept of energy 
can be brought back to the early studies on heat by Mayer and Joule [Coelho 2011], suggesting 
that a unified treatment of heat, temperature and energy can be a possible route for teaching and 
learning these complex subjects altogether. As a matter of fact, the concepts of heat and 
temperature have also been deeply investigated from the point of view of Physics Education 
[de Berg 2008]. To this respect, the use of infrared thermal cameras has recently acquired 
increasing interest [Haglund 2015]. 

In this context, we projected and experimented a learning path that allows introducing the 
concept of energy starting from the concepts of heat and temperature. 

The formative module was proposed to a class of 65 prospective primary school teachers (PPTs) 
at the second year of the combined bachelor and master degree in Primary School Education of 
the Italian University of Verona [Monti 2021] and integrates content reconstruction and active 
learning strategies inside an experiential and situated modality [Berger 2008]. The activities 
were proposed as part of the laboratory module (1CFU) of the Physics Education course 
(9CFU). No previous treatment of the subject of Heat, Temperature and Energy was done in 
the Physics Education course. 

The intervention is characterized by the use of thermal cameras inserted in a well-run previously 
developed approach [Michelini 2010, Daffara 2016] that was focused on the concepts of heat 
and temperature and centred on the usefulness of online sensors as compared to more traditional 
thermometers in teaching and learning heating as a process towards thermal equilibrium. 



 

357  

This study investigates how much the proposed path, activities and methodologies can help 
PPTs in learning and teaching the concepts of temperature, heat and, starting from these, the 
concept of energy, as related to the use of online sensors and/or of thermal cameras. 

THE LEARNING PATH  
The intervention was organized into four phases including interactive lectures and laboratory activities. 
The first and third phases were developed as interactive experiment-based lectures following active 
learning and inquiry-based strategies to introduce the operational definition of temperature, the concept 
of energy, and the sensors utilized for measuring the temperature. In the second and fourth lab-work 
phases, four experiments were autonomously carried out by the PPTs divided into groups: 1) heating of 
different masses of water with a boiler; 2) heating by irradiation with a halogen lamp; 3) thermal 
interaction of different masses of water; 4) Locke experiment. Experiments were performed in the 
Prediction - Experiment - Comparison modality using both a thermal camera and a system of four online 
sensors for real-time measurement of temperature. In particular, PPTs were introduced both to the 
qualitative and quantitative use of the pre-calibrated infrared thermal camera allowing the visualization 
as well as the measurement of 2D temperature maps. 

First phase: introduction of the online sensors 

In the first phase, we introduced the concept of thermal equilibrium and the operational 
definition of temperature through the use of 1D online sensors that allow real time simultaneous 
measurements of temperature using a graphical computer interface [Figure 1]. The instrument, 
called “Termocrono”, was developed at the Udine university [Michelini 2010]. 

 

Figure 1. Graphical interface of the “Termocrono”. 

Second phase: use of the online sensors 

In the second phase, students were conducted into the concept of heating as a process leading 
to “increase of temperature” by autonomously carrying out two experiments in the Prediction-
Experiment- Comparison (PEC) modality using the online sensors: 1) heating of water with a 
boiler; 2) heating of water by irradiation with the light emitted by a halogen lamp [Figure 2]. 
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Figure 2. Heating of water by irradiation with a halogen lamp. 

Third phase: introduction of the thermal camera 

In the third phase, starting from the results of the former irradiation experiment with the 
halogen lamp, students were interactively guided into the concept of energy as “what is capable 
of heating”, to associating the concept of “amount of heating” with the concept of 
“transferred energy”, and to recognizing that light carries energy. 

At this point, the thermal camera was introduced as a two-dimensional remote sensor of the 
energy emitted by all bodies in the form of non-visible (infrared) light which is in turn related 
to the measurement of temperature. In particular, students experienced the possibility of 
“viewing” themselves in darkness conditions. 

In our intervention, we utilized a FLIR C2 thermal camera [Figure 3] equipped with a bolometric 
sensor (80x90 array) sensitive in the long IR range 8-14 micron and calibrated in 
temperature. The FLIR camera acquires also a visible image (320x240 pixels) superimposed 
to the thermogram. An interesting option for this proposal is the possibility of visualizing in 
real-time on the display the thermogram, the visible, or a blending of the two images. 

      
Figure 3. The FLIR C2 thermal camera. 

Fourth phase: use of the thermal camera 

In the fourth phase, students first repeated the two experiments done in the second phase using 
the thermal camera in place of the online sensors. Then, they carried out two other 
experiments, always in the PEC modality, using both the online sensors and the thermal camera: 
3) thermal interaction of different masses of water, reaching thermal equilibrium and 4) the so 
called “Locke experiment” about thermal sensation [Michelini 2010, Daffara 2016] [Figure 4]: 
given three glasses of warm, hot and cold water, fingers first immersed in hot water and then in 
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warm water feel it cold, while fingers first immersed in cold water feel warm water as hot. 

Finally, students were also lead to explore with the thermal camera the increase in temperature 
of a current carrying wire and the process of heating a surface by friction: these experiences 
allow opening the way to extend the concept of heat and energy to other fields of physics such 
as mechanics and electrical phenomena. 

 

 

 

 

 

 

 

 

Figure 4. Locke experiment using the thermal camera. 

The learning path ended with final considerations that emerged from the discussion with the 
students conducted in an interactive guided modality (a kind of Socratic conversation): 

- measuring temperature means “finding a way of associating a number to a state of thermal 
equilibrium” 

- heating means “causing an increase of temperature" 

- heating is energy transfer 

- heating can be obtained through conduction, convection and irradiation 

- thermal sensation is related to the rapidity of heating or cooling 

- heat is transferred energy related to heating or cooling 

- temperature is a measure of an energy which is internal to bodies (internal energy) 

RESEARCH METHODS  

This study has been conducted through post-assessment questions, worksheets and final interviews addressing the 
following points. 

In the post-assessment questions, PPTs were asked which ways they know for measuring temperature. In the 
worksheets, they were asked to plan a learning path on thermal phenomena highlighting the addressed concepts 
and the corresponding related activities. Final interviews were mainly focused on whether and how PPT used or 
would use a thermal camera in their proposed activities and, if so, related to which concepts. 

Based on PPTs' answers we investigated how much the utilized learning path and methodologies can help PPTs in 
understanding the proposed concepts through the following research questions: 

1) Do PPTs cite (in the proposed post-assessment question) thermal cameras among the possible instruments for 
measuring temperature? 

2) Which concepts and corresponding activities do PPTs choose (in the worksheets) in constructing the proposed 
educational path on thermal phenomena? 
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3) Do (from the worksheets) or would (from the final interviews) - PPTs propose the use of thermal cameras in 
their activities and, if so, related to what concepts? 

RESULTS  
Qualitative data analysis was performed focusing: a) on the instruments (online sensors and 
thermal cameras) as cited in the post-assessment questions and as utilized in the activities 
proposed in the learning path by PPTs for their pupils; b) on the concepts addressed by PPTs 
as related to the instruments utilized in the activities. 

The addressed concepts were grouped into three main categories that were identified from 
students' answers given in the worksheets as well as in the final interviews as particularly 
meaningful for the purposes of the present investigation: temperature/thermal 
equilibrium/thermal sensation; heat and energy; heating through irradiation. 

Use of the online sensors 

In the post-assessment questions, the “Termocrono” is cited among the possible instruments 
for measuring temperature by almost all the 65 students (64/65); in the planned didactic path, 
it is utilized by 41/64. Among these: 37/41 propose it for introducing the concept of 
temperature through the difference between thermal equilibrium and thermal sensation; 
28/41 for addressing the concept of heating through irradiation; 26/41 propose its use for 
both these purposes [Figure 5]. 

Figure 5. Use of the “Termocrono”. 

Use of the thermal camera 

The thermal camera is less cited (42/65) than the “Termocrono” among the possible instruments 
for measuring temperature; in the planned didactic path, the thermal camera is utilized (or 
would be possibly utilized if available, as it emerged from the interviews) - always for 
visualization purposes- by 28/42, of which 13/28 for addressing the concept of heating through 
irradiation and 19/28 for introducing the concepts of heat and energy; 8/28 propose its use for 
both these purposes [Figure 6]. 
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Figure 6. Use of the thermal camera. 

Addressed concepts 

From the point of view of the treated concepts, our analysis pointed out three most significant 
aspects [Figure 7]. 

The comparison between temperature and thermal sensation is addressed by 57/65 and is 
associated to the use of the “Termocrono” by 37/57. In the other cases, the use of more 
traditional thermometers is foreseen. The comparison between temperature and thermal 
sensation is never associated to the use of a thermal camera. 

The process of heating through irradiation, addressed by 43/65, is associated to the use of both 
the “Termocrono” (28/43) and the thermal camera (13/43): in the case of the thermal camera, 
6/43 actually proposed an activity while 7/43 would possibly propose it if the thermal camera 
would be available in the classroom, as it emerged from the interviews. 

Heat and energy are considered as important concepts to be treated in an educational path by 
28/65. Of these, a total of 19/28 actually proposed (only 7/28), or would possibly propose 
(12/28) an activity with the thermal camera if it would be available in the classroom: the 
remaining 9/28 proposed either an alternative visualization with sawdust or ink or even no 
activities at all. The concepts of heat and energy are never associated to the use of the 
“Termocrono”. 
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Figure 7. Addressed concepts and instruments proposed for related activities. 

DISCUSSION 
Two general considerations emerge from our study. 

The first one, more practical, is that typically PPTs consider the thermal camera as an expensive 
specialistic instrument, not easy to be found in school: this is the main reason why they tend 
not to propose its use in their worksheets. 

The second and more fundamental one is that we found an exclusive correspondence between 
addressed concepts and chosen instruments, which seems to be based on the fact that, differently 
from the online sensors, thermal cameras have been considered as instruments for visualization 
purposes rather than a radiometer for measuring temperature, although the possibility of 
measuring temperature with a thermal camera has been experimented in the laboratory 
activities. 

The activities that PPTs would propose to pupils are mainly concentrated on the concepts of 
thermal equilibrium, temperature and thermal sensation with a corresponding use of online 
sensors (strongly preferred as compared to more traditional thermometers) that excludes 
thermal cameras. This suggests that the comprehension of heating and cooling as processes 
leading to a common equilibrium state is better gained using the online sensors, indicating that 
these processes are better understood in terms of measuring temperature. 

When the concepts of heat and energy are addressed in the planned educational path, there is a 
corresponding use of the thermal camera that excludes online sensors (and traditional 
thermometers as well). This suggests that the comprehension of heat in terms of energy transfer 
is more easily grasped through visualization using a thermal camera. As a matter of fact, in 
parallel to their tendency to discard the use of thermal cameras - not so much because they do 
not understand its use or its didactic potentialities, but rather due to its cost and to the supposed 
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difficulty of having it in a primary school classroom – PPTs tend to omit addressing the 
concepts of heat and energy transfer, which they consider particularly difficult for children. 

Finally, the concept of heating through irradiation was understood by PPTs both in terms of 
measuring temperature (use of the online sensors) and in terms of energy transfer (visualized 
through the thermal camera) showing that this process indeed allows introducing the association 
between temperature, heat and energy. 

CONCLUSIONS 
On the practical level this study confirms that the proposed approach including the use of a 
thermal camera can indeed be useful in helping primary school teachers in the task of 
introducing the concept of energy at the primary school level (otherwise considered too 
difficult), because thermal cameras allow associating the concept of energy to the concept of 
heat (which is, in turn, related to a variation of temperature) through the related experimental 
activities. In this respect, the advent of more recent low-cost thermal cameras, such as those 
designed for smartphones, could make this potentially successful approach more appealing. 

From a more fundamental point of view, understanding this result requires to investigate at the 
cognitive level the reasons of the exclusive correspondence between addressed concepts and 
instruments highlighted in the previous sections. To this aim, we can let ourselves be guided by 
the key word used, repeated and stressed by PPTs in the assessment questions as well as in the 
worksheets and in the interviews: visualization. 

The thermal camera allows the experimental 2D visualization of heating in terms of flow of an 
abstract physical entity (energy), regardless of any numerical value. The online 1D sensor 
allows the graphical representation of heating as a process where a numerical value 
(temperature) changes in time, but it misses the idea of flow, which is a common feature of 
heat and energy since heat is energy flow. 

Therefore, what emerges from our data is the key point of the centrality of the idea of flow and 
of an abstract entity that is transferred and exchanged, to the concept of energy and heat; 
abstract entity of which, in a certain sense, the thermal camera allows the visualization. 

In this perspective, our findings suggest that the proposed didactic approach, based on a unified 
treatment of temperature, heat and energy, is grounded at the cognitive level. The historical 
evolution itself of the concepts of heat and energy, cited in the introduction, can be likewise 
brought back to the same cognitive level. To deepen this fundamental aspect, we are planning 
an incoming future work that integrates didactics and history of physics focused on the concept 
of energy also beyond thermal phenomena, extending it as a unifying concept to different fields 
of physics, as partially mentioned in the intervention proposed for the present study. 
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The Biota/FAPESP Program (BFP), created in March 1999, is considered one of the largest 
biodiversity programs in Brazil. However, BFP failed to translate scientific advancements into 
teaching material to be used by schools. To fill this gap, a thematic project was conceived 
entitled “The Biota-FAPESP program in basic education: possibilities for curricular 
integration” (BFP-BE), whose main objective is to promote actions aimed at the use and 
dissemination of data generated by the BFP. In this work, we describe a didactic sequence to 
improve Brazilian students’ knowledge regarding marine biodiversity.  We choose the database 
from one of the major projects in the marine area, Biota/FAPESP - Araçá (BFA): “Biodiversity 
and functioning of a subtropical coastal ecosystem: support for integrated management”, due 
to its valuable contributions to marine science as well as conservation and marine management. 
As BFA demonstrated how the advancement of scientific knowledge on biodiversity and how its 
socio-economic relevance is essential to improve the legal instruments, our material was 
developed in a Science-Technology-Society-Environment (STSE) perspective. The databases 
from the projects “Relevance of Science Education” (ROSE) and “Student Knowledge in the 
International Perspective: Evolution, Nature, and Society” (SAPIENS) were also used as a 
guide to apply the real demands and interests of students from different Brazilian regions. The 
didactic sequence, entitled “Is Araçá Bay dead?”, is composed by three main sections 
regarding: i) to explore what students know about the marine environments, particularly a bay; 
ii) to present and discuss the Social-Scientific Issue (the expansion of the São Sebastião Port 
using the Araçá Bay) as well as to discover the marine biodiversity of Araçá Bay; and iii) to 
assess what students have learned. 
Keywords: Interdisciplinarity, Problem Solving, Socio-Scientific Issues; Native biodiversity 

INTRODUCTION 
The Biota/FAPESP Program (BFP), created in March 1999, is considered one of the largest 
biodiversity programs in Brazil in conservation issues. However, BFP failed to translate 
scientific advancements into teaching material for use in schools (Joly et al., 2010). To fill this 
gap, there has been a public call for specific educational projects in the summer of 2016, and 
the project entitled “The BIOTA-FAPESP program in basic education: possibilities for 
curricular integration” (BFP-BE) was qualified. Its main objective is to promote actions aimed 
at the use and dissemination of data generated by the BFP. 

One of the BFP-BE research lines explores Brazilian students’ knowledge regarding marine 
biodiversity, trying to identify possible gaps and expectations, using the large BFP database to 
plan didactic materials to address those needs. For this proposal, we chose the database from 
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one of the major projects in the marine area, Biota/FAPESP - Araçá (BFA): “Biodiversity and 
functioning of a subtropical coastal ecosystem: support for integrated management”, due to its 
valuable contributions to marine science as well as conservation and marine management. 

The BFA aimed to understand how the coastal zone behaves as a complex system, considering 
the integration between physical, biological, and social processes within the Araçá Bay (located 
on the Northern Coast of São Paulo State, Brazil), such as sediment circulation and transport, 
food webs, energy and matter fluxes, and fishing production and activity (Amaral, Turra, Ciotti, 
Rossi-Wongstschowski, & Schaeffer-Novelli, 2016). After many pieces of research, scientists 
concluded that Araçá Bay hosts one of the most environmentally diverse areas along the 
Brazilian coast, which gives it significant ecological importance, and it is fundamental for the 
sustainability of caiçaras families (traditional inhabitants) and the maintenance of their cultural 
identity (Amaral, Migotto, Turra, & Schaeffer-Novelli, 2010; Amaral et al., 2016). 

We believe that these data generated by the BFA can support educational moments of 
interdisciplinary connections, including Science-Technology-Society-Environment (STSE), 
that can illustrate Socio-Scientific Issues (SSI). They often involve controversies and both 
scientific information and value judgments, stimulating functional scientific literacy and 
students’ understanding of the nature of science (Sadler & Zeidler, 2005). Our aim is to use the 
database generated by the BFA to produce teaching and learning materials, taking into account 
the real demands and interests of Brazilian students in addition to being able to assist in the 
Scientific Literacy process and provide a citizen formation. 

METHOD 
We conducted a literature search up looking for records about Araçá Bay as well as BFA 
published until December 2020. The following databases and literature sources were consulted: 
Google, Google Scholar, ResearchGate, and Biblioteca Virtual da FAPESP (Research 
Supported by the São Paulo Research Foundation - FAPESP). In addition, the results of studies 
on the interests, attitudes, and knowledge about science and technology among young Brazilian 
students were analysed: “Relevance of Science Education” (ROSE) and “Student Knowledge 
in the International Perspective: Evolution, Nature, and Society” (SAPIENS) (Franzolin, 
Garcia, & Bizzo, 2020). These databases serve as a baseline for a better understanding of the 
real demands and interests of students from Brazil. 

RESULTS 
One major subject of demand and interest of students from Brazil pointed by Franzolin et al. 
(2020) was chosen: “How people, animals, plants, and the environment depend on each other?”. 
Araçá Bay has a complex network involving a thousand species of organisms in addition to the 
human population. We aim to emphasize the bay as fundamental for the sustainability of 
caiçaras families (traditional inhabitants) and the maintenance of their cultural identity. This 
information will be significant to show students the close relationship between people and many 
different forms of life.  

The teaching material was produced in a STSE perspective (Auler & Bazzo, 2001; Carmona & 
Vieira, 2017) and the SSI defined as a controversial problem was the expansion of the São 
Sebastião Port (SSP) because it will be necessary to landfill (partial or total) the Araçá Bay. 
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The material was projected to be used for students of the last year of Brazilian primary 
education (age 14–15 years), taking into account the Base Nacional Comum Curricular, the 
new Brazilian ‘common core’ curriculum known as the BNCC (Brasil, 2018). The thematic 
unit is “Life and Evolution”, and the object of knowledge is biodiversity preservation. The first 
version of the teaching material is presented below, which will still undergo evaluation by 
primary school teachers. 

Teaching material: “Is Araçá Bay dead?” 

The title “Is Araçá Bay dead?” intended to be attractive and reflect the content and training 
intentions. Altogether, it contains 11 lessons (each lasting 45 minutes), which are organized 
into three main sections. Figure 1 represents the main steps. 

The first section aims to find out what students know about the theme “seas and oceans”. For 
this, a diagnostic questionnaire was constructed with the following questions: 1) When thinking 
about the seas and oceans, what words come to your mind? 2) What did you learn in your school 
about seas and oceans? 3) Is there any relationship between your daily life and the seas and 
oceans? Justify. 4) Is there any topic related to the seas and oceans that you are interested in 
studying? If yes, which one? After, the teacher will be able to present a photo board of the main 
marine environments (Figure 1A) and ask students several questions, such as what these 
environments have in common and what differentiates them (e.g., abiotic components). This 
will be a good opportunity to introduce students to an unfamiliar environment, the bay. 

The second section aims to present the Socio-Scientific Issue as well as encourage students to 
reflect on the causes and consequences of impacts in the coastal region. For the first activity, 
entitled “Knowing the problem to be investigated”, it is proposed that students read the first 
text adapted from Xavier, Stori, and Turra (2016) and Florio (2017). Subsequently, students 
will participate in a debate with the following guiding questions: 1) In your opinion, what would 
happen to this ecosystem (Araçá Bay) if the São Sebastião Port is expanded? 2) What would be 
the environmental impact of expanding the São Sebastião Port using piles and slabs on Araçá 
Bay? 

For the second activity, entitled “Discovering the Araçá Bay”, it is proposed that students read 
the second text adapted from Andrade (2015) and Amaral et al. (2016). This text contains a 
description of the biodiversity of the Araçá Bay and presents the Biota/FAPESP - Araçá project. 
In the text, there is two photos with several marine organisms registered in Araçá Bay (Figure 
1B and 1C). From the detailed observation of the photo, the teacher can discuss with students 
on various topics such as biodiversity and ecosystem. To finish the activity, students will watch 
a part of the video “Pulsante | A film about Araçá Bay” (Figure 1D, 
https://youtu.be/HneSn9Pu0iA, video time to watch: 0 to 13 minutes) and then discuss the 
question: “Is Araçá Bay dead?”. 

For the third activity, entitled “The expansion of the São Sebastião Port: possible 
consequences”, it is proposed that students read the third text adapted from Andrade (2015). 
Then, students will participate in a debate with the following guiding questions: 1) What would 
be the problems caused by the expansion of the São Sebastião Port using slabs on the Araçá 
Bay? 2) Some researchers are against, and others are in favor of this expansion. What are their 
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arguments, and which would you agree with? Justify your choice. Finally, the students can 
watch the last part of the video “Pulsante | A film about Araçá Bay” (video time to watch: 13 
to 25 minutes). 

For the fourth activity, entitled “Getting to know the people who live in/from Araçá Bay”, it is 
proposed that students read the fourth text adapted from Amaral et al. (2016), referring to 
Chapter III Resource Management. Afterwards, students will participate in a debate with the 
following guiding questions: 1) With the expansion of the São Sebastião Port, using Araçá Bay, 
what will happen to the caiçaras families there? 2) Why is it important to know to protect? As 
a conclusion of the activity, it is proposed that students make a video or write a letter in defense 
of Araçá Bay. 

The third section aims to assess what students have learned. Three questions were elaborated: 
a multiple-choice question, a true/false question, and an exercise to complete sentences. 

 
Figure 1. Representation of the main steps of the teaching material. A) Photo board with main marine 
environments; Authors: Renata Alitto (oceano, mar, costão rochoso and praia); Gabriel Monteiro (baía); 
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Guilherme Abuchahla (manguezal). B) Polychaete (sea-worm, Branchiomma luctuosum), with intense and 
exuberant color, abundant on the rocky shores; Author: Gabriel Monteiro. C) Ophiuroidea (brittle star, Hemipholis 
cordifera); Author: Renata Alitto. D) Video Pulsante | A film about Araçá Bay, available on 
https://youtu.be/HneSn9Pu0iA. 

DISCUSSION 
The STSE perspective was chosen to produce a teaching material using Araçá Bay as an 
educational resource. This can be an efficient strategy to address socio-environmental problems 
(Auler & Bazzo, 2001; Sadler & Zeidler, 2005) such as that pointed out by the thematic project 
Biota/FAPESP - Araçá (BFA): the expansion of the São Sebastião Port. 

The teaching material has 11 lessons organized into three main sections aiming: 1) to find out 
what students know about the theme “seas and oceans”; 2) to present the Socio-Scientific Issue 
as well as encourage students to reflect on the causes and consequences of its impacts in the 
coastal region; 3) to assess what students have learned. Altogether, four texts (which comprise 
the second section) were written considering the target audience of students (ages 14–15 years). 

Several photos of marine environments, including Araçá Bay, as well as marine biodiversity 
were chosen to compose the teaching material, making it more illustrated and more attractive. 
An illustrated material will enable the visualization and recognition of environments and marine 
biodiversity, which unfortunately, are difficult to access for most Brazilian people. 

The didactic material was made according to the BNCC in the thematic unit “Life and 
evolution” since there is no specific unit for “Ocean Literacy” (OL). OL is defined as the 
understanding of the ocean’s influence on human beings and vice versa. It aims to improve 
knowledge on marine environments, enabling citizens to make responsible decisions 
concerning marine-related issues (Santoro, Santin, Scowcroft, Fauville, & Tuddenham, 2020). 

Despite all this importance, OL is not valued in Brazilian curricula. In a recent study, Pazoto, 
Silva, and Duarte (2022) pointed that the representativeness of OL in Brazilian documents is 
below the recommended for a person to be considered ocean literate, especially for topics 
dealing with environmental risks in coastal zones. The authors also concluded that actions 
aimed at expanding the presence of OL principles and concepts in Brazilian school curricula 
must be taken. 

For students to be able to assess the Socio-Scientific Issue presented in our material, it is 
necessary that they know and understand the importance of marine environments and their 
biodiversity. Addressing these topics has become increasingly important especially towards the 
study of marine biodiversity.  

Unfortunately, there are no nationally representative studies to recognise how much teachers 
emphasize Brazilian biodiversity in their classrooms. However, a recent exploratory study 
carried out with 147 teachers (Araújo & Alitto, 2021) found that there is little emphasis on this 
topic. According to these interviewed teachers, the absence of adequate teaching materials was 
pointed as a common factor that negatively affect the teaching of native biodiversity.  

In Brazil, learning materials are distributed by the Ministry of Education and they are the same 
for all schools. Therefore, it is easier to find pictures of large, exotic, charismatic megafauna 
(e.g., polar bears, elephants, etc.) rather than native South American animals and plants in the 
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bestselling biology textbooks (Oliveira & Cook, 2019). This condition does not reflect the 
demand of Brazilian students, who are interested in learning about the fauna and flora in their 
area (Franzolin et al., 2020).  

Therefore, produce and share the didactic material about Araçá Bay is relevant since it can help 
to fill the gap in the teaching of biodiversity in Brazil. Moreover, the material can be used by 
teachers and students from all over the country including those close to Araçá Bay, who which 
study the native biodiversity of other places and not where they live. 

The next step is to apply the material in a single Brazilian public school, test, improve, and then 
it will be available to Brazilian and foreign schools. Other subjects published by Franzolin et 
al. (2020), papers, videos, and news reports regarding the BFA are being studied and, if 
necessary, they will be used to improve or produce new sequences. All the didactic sequences 
(for both teachers and students) will be available on the Portal EDEVO-Darwin 
(https://sites.usp.br/edevodarwin/). 

Considering that 2022 is the second year of the Decade of Ocean (proclaimed by the United 
Nations), using a small bay as Araçá in the classroom is an ideal opportunity to show how the 
management of our oceans and coasts is important for the conservation of biodiversity. As a 
result, we expect students to have an increase in their critical thinking and effective attitudes to 
solve problems related to marine biodiversity. 
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TEACHING GENETICS USING THE SIMPSONS. AN 
INNOVATIVE PROPOSAL WITH SPANISH PRE-SERVICE 

SCIENCE TEACHERS 
María del Mar López-Fernández¹, Antonio Joaquín Franco-Mariscal2 

1Science education, University of Granada, Spain 
2Science education, University of Málaga, Spain 

Television and internet often include science-related content that may affect consumers. As 
such, they may be good teaching-learning resources. With this is mind, this study presents the 
results of an activity based on use of the well-known TV series “The Simpsons” to teach 
genetics. This proposal was implemented with 24 pre-service science teachers (PSTs) studying 
the Masters in Secondary Education Teaching at the University of Malaga (Málaga, Spain), in 
the Biology and Geology field, as part of an educational innovation course in the academic 
year 2020-2021. The study was carried out in the classroom as follows. Using a family tree for 
the Simpsons family containing three generations, the PSTs were asked to design an activity for 
secondary students using the laws of Mendelian inheritance. They were given 30 minutes to 
discuss different proposals as a group and then presented their designs. Finally, they completed 
a questionnaire to evaluate different aspects of the activity. The proposals to explain the family 
tree were based on the characteristics of hair colour and hair type. Hair colour generated 
significant debate as it proved difficult to explain all the phenotypes. However, they chose an 
autosomal recessive explanation assuming that other possible factors were likely involved. The 
hair type characteristic was explained using an intermediate inheritance. The evaluations of 
the PSTs were very favourable, with the questionnaire reflecting the ease of design and 
implementation and the marked versatility. Indeed, activities based around TV series were 
considered to be effective for teaching science. However, this resource must be adapted to the 
age group, interests and context of the students in which it is to be implemented 
Keywords: TV series, pre-service science teachers, task design 

INTRODUCION 
Media such as television and the internet are widely used in the general population due to their 
widespread availability, consumption and ability to influence (AIMC, 2018). Various authors 
have investigated the benefits of using fiction resources such as films, TV programmes, series, 
stories or novels to teach science (Fraknoi, 2002; Franco-Mariscal, 2021; Hasse, 2015; 
Hamalosmanoglu, Kizilay & Saylan Kirmizigül, 2020; Kilby-Goodwin, 2010; Koutnikova, 
2017). These resources may help to create mental images that can be correlated with an 
underlying scientific theory, may help to understand abstract concepts, are very visual, fun, 
improve the applicability of the content learned or enhance the interest in learning science, 
amongst other advantages (Barnett & Kafka, 2007). According to Evrekly, Inel and Balim 
(2011), “concept cartoons can be defined as visual aids in which the opinions and discussions 
of cartoon characters regarding the cause of or solution for a daily life event are presented in 
written form in speech bubbles”. 

Biology-related topics appear frequently in these resources. Examples include Jurassic Park, 
GATTACA, The Martian, Planet of the Apes, an inconvenient truth, Twenty Thousand Leagues 
Under the Seas, Frankenstein or The Walking Dead, all of which have plots with a biological 
origin (Barnett & Kafka, 2007). Fiction often presents concepts, situations or ideas related to 
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actual science that cause spectators to think and ask themselves whether it is possible for these 
to happen in real life (Rose, 2003).  

Genetics shows us the strong link between science and society. As well as being present in these 
resources, genetics is also present in our lives. In addition to genetic inheritance issues related 
to physical characteristics or hereditary diseases, other examples where its importance is 
reflected are blood donations, gene editing, compatibility in organ donation, among others. 
Understanding the scientific basis of these issues helps our students to build critical opinions 
on these topical issues (López-Fernández & Franco-Mariscal, 2019). 

An example of genetics can be studied in the TV show Game of Thrones with the sequence of 
rescue of the dragon from the ice, where you can see that the colour of his eyes changes to blue 
(Franco-Mariscal, Cano-Iglesias & Hierrezuelo-Osorio, 2020). This sequence allows to discuss 
different contents about genetics through driven questions. Some driven questions could be: 
Why do some dragons have blue eyes and another brown?, or can two dragons with brown eyes 
have a dragon with blue eyes? If so, why? 

This study makes use of The Simpsons series to learn genetics, a cartoon that has already been 
used successfully by other authors (Orthia et al., 2012; Perales & Vílchez, 2005). This work 
presents the results of an activity with pre-service science teachers (hereinafter, PSTs), who 
were asked to design an activity for secondary students to provide a genetic explanation for the 
characteristic observed in the Simpsons family.  

METHOD 
A total of 24 students studying the Masters in Secondary Education Teaching at the University 
of Malaga (Málaga, Spain), in the Biology and Geology field, participated in this activity. Of 
these, 58.3% were male and 41.7% female. The activity was performed remotely in a session 
lasting two hours as part of the “Teaching innovation and introduction to educational research” 
subject in the academic year 2020-21. The innovation proposed is based on the use of fiction 
series to teach science.  

The Simpsons is an internationally renowned TV series. It is an American comedy series that 
has been broadcast daily in Spain for many years. The Simpsons is about the life and day-today 
life of a middle-class family. The PSTs were provided with a family tree for the Simpsons 
family that included the parents (Homer and Marge), their siblings (Herb, Patty, and Selma), 
their children (Bart, Lisa and Maggie) and the grandparents (Abraham, Mona, Clancy and 
Jackie). They were then asked to design an activity for secondary students that could be used 
to explain inheritance and transmission of genetic characteristics in this family using Mendel’s 
laws, which is one of the objectives included in the Spanish secondary curriculum. The PSTs 
worked in groups of four for 30 minutes, thus allowing them to discuss and propose different 
options. After this time, each group presented its results in class.  

Finally, and to determine their opinion of the activity, each PST completed a questionnaire in 
which they were asked to evaluate the activity itself (from 0 to 5), the difficulty in designing it 
and in implementing it (from 1 to 5, with 1 being not difficult and 5 very difficult), their initial 
opinion of the teaching possibilities of the activity and the possibility of using it with secondary 
students (from 1 to 5, with 1 being very limited possibilities and 5 significant possibilities), 
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indicate the best and worst aspects when performing the activity, and explain how they expected 
secondary students to receive the activity if put into practice. 

RESULTS 
PSTs’ proposals 

The students’ proposals were based on two characteristics, namely hair type and hair colour. 
With respect to hair type, they initially attempted to find an explanation based on two alleles (S 
for straight hair and C for curly hair), with one being predominant, but found that this could not 
explain the three phenotypes (straight, spiky and curly). To that end, the PSTs established an 
intermediate inheritance relationship between allele S and C, fitting this to all the crosses shown 
in Figure 1.  

 
Figure 1. Genotypes and crosses for hair type in the Simpsons family [Source: simsons.fandom.com]. 

In this way, homozygous individuals (SS) will exhibit straight hair, heterozygous individuals 
(SC) will exhibit punky hair, and homozygous individuals (CC) will exhibit curly hair. 
Consequently, it is not possible to know all genotypes (for instance, Mona, Herb or Homer, like 
you can see in Figure 1). 

A similar procedure was followed for hair colour, with the PSTs attempting to propose an 
intermediate inheritance with alleles B for blue hair and M for brown hair, although this could 
not explain and cross between Abraham and Mona and between Clancy and Jackie using a 
single criterion, as can be seen from Figure 2. 

As such, they proposed a possible solution based on an autosomal recessive inheritance for blue 
hair (b for blue and B for a colour other than blue). The B allele is dominant and the b allele is 
recessive. The phenotypes brown and yellow hair colour cannot be explained with this proposal, 
thus meaning that other factors must be involved. 
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Thus, homozygous individuals (BB) and heterozygous individuals (Bb) will exhibit a hair 
colour that is not blue (for instance, Abraham, Clancy, Herb, Homer, Bart, Lisa or Maggie); 
and homozygous individuals (bb) will exhibit blue hair (like Mona, Jackie, Marge, Patty or 
Selma). For this reason, it is not possible to know all genotypes (for example, Abraham or 
Clancy). Finally, they concluded that, according the Mendel’s third law, transmission of these 
characteristics is independent, in other words they are not linked. 

 

Figure 2. Genotypes and crosses for hair colour in the Simpsons family [Source: simsons.fandom.com]. 

PSTs’ Assessments 

The PSTs evaluated the activity very favourably, giving a score of 4.25/5. On a five-point scale, 
they gave the highest scores to the possibility of using this resource in the secondary classroom 
(4.0) and the possibility of putting it into practice (4.0). Conversely, they considered it to be 
difficult to implement (2.67) and to design (3.1) (Figure 3). 

 
Figure 3. PSTs’ activity evaluation. 
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The majority of the PSTs also considered the “versatility” of the activity to be its best aspect as 
it can be adapted to numerous series and films and that it was a “fun and motivational activity”. 
The aspects given the worst evaluations were the “complexity of the content”, “finding a 
genotypical response that can explain the phenotypical diversity in the series”, or “performing 
the activity in cooperative groups and online”.  

As regards how they would expect secondary students to receive the activity if put into practice, 
the majority responses concentrated on creating interest, enthusiasm and ebullience, amongst 
students. 

CLOSING REMARKS  
The effects of integrating films, series, TV programmes, stories or novels in science education 
can be investigated by designing similar studies in an extended way for different levels of 
formal education (Hamalosmanoglu, Kizilay & Saylan Kirmizigül, 2020), from kindergarden 
to secondary education or including the university stage. As noted by Raham (2004) or Perales 
and Vilches (2005), despite the obstacles that may arise in class, this type of activity is effective 
for teaching science to secondary students.  

This proposal attempted to prepare PSTs for task design and to create an innovative vision in 
them. In addition, as with previous studies (Franco-Mariscal, 2021), although the use of adult 
TV series with PSTs does not imply their use in secondary education, it nevertheless allows 
students taking the Teaching Masters to learn about this type of resource and become aware of 
the need to adapt series to the age and interests of their future students.  

Research conducted with cartoons showed that the students displayed a significant 
enhancement in their motivation towards science learning and academic achievement. 
Moreover, they increased students’ active participation in the classroom, enabling and 
enhancing conceptual understanding, and creating environments for cognitive conflict and 
debate (Evrekly, Inel & Balim, 2011). 

Another example is Dalacosta, Kamariotaki-Paparrigopoulou, Palyvos and Spyrellis’ research 
(2009). The research results provide evidence that the use of cartoons significantly increases 
the young students’ knowledge and understanding of science concepts, which are normally 
difficult to comprehend and often cause misconceptions to them. 

The PSTs also highlighted the difficulty of finding a biological explanation for all 
characteristics as some were impossible to explain with the laws of Mendelian genetics. This 
may be due to the fact that these aspects were not taken into consideration when creating the 
cartoons because cartoonists would have not a deep knowledge of genetics. Other options may 
be that characters are not the same age (when people are older, they have gray hair) or a 
biological explanation, such as Abraham or Clancy were not the biological fathers. 

According to the results obtained, this resource, which is easy to design and implement, is 
suitable for the teaching-learning of the inheritance of secondary characteristics. The resource 
studied may be extended to other TV families (The Flintstones, The Incredibles or Harry 
Potter), for which other characteristics, such as eye colour, intelligence, build, obesity or visual 
problems, could be studied.  
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HOW SEPARATING EVERYDAY AND SCIENTIFIC 
LANGUAGE IN CHEMISTRY TEACHING ENHANCES 

LEARNERS’ COMMUNICATIVE COMPETENCES 
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The pursuit of Scientific Literacy as a response to questions of educational inequality has 
become much more complex, especially in countries, which have faced immigration and 
growing diversity in recent years. STEM education should therefore pay additional attention to 
students’ diverse backgrounds, for instance regarding their language resources. Integrated 
language instruction or language-sensitive teaching are among various approaches to meet 
this requirement, however, there still seems to be a lack of initiative from the individual subject 
areas. 
The Disaggregate-Instruction-Approach (DIA, Brown et al., 2010) addresses the issue by 
offering learners new ways to access scientific discourse. Brown and colleagues report that 
learners with beginner and developing verbal skills benefit greatly from the strict separation of 
subject-content and language learning. This approach reduces the cognitive load through 
allowing students to focus first on familiar language in the process of acquiring scientific 
concepts and introduces scientific vocabulary in a subsequent stage. Picking up the very 
promising findings from previous studies, we adapted the approach to the conditions in a 
culturally as well as linguistically highly diverse area and conducted an intervention study with 
first- and second-year chemistry learners to gather data on how they benefit from a modified 
DIA. The focus of this paper centers the initial results of the analysis of students’ subject-
specific learning gains as effects of the treatment. 
Keywords: Language in Science Education, Disaggregate Instruction 

INTRODUCTION 
In times of rapidly increasing diversity – particularly in a growing number of European societies 
largely affected by immigration – stakeholders in science education are more than ever required 
to pay special attention to students who face specific challenges in their individual learning 
biographies (OECD, 2019, pp. 181–183). The make-up of this diverse group contains a 
substantial number of learners who are second language learners. In Germany, a country that 
has experienced constantly high numbers of immigrants and refugees during past years, 
between 34 and 40 percent of the student population are first- or second-generation immigrants 
(Autorengruppe Bildungsberichterstattung, 2020, p. 27) who to a substantial degree speak a 
language other than German in their homes (Becker-Mrotzek et al., 2012, p. 2). Recent large-
scale assessment like the international PISA or TIMSS surveys identified substantial 
differences in reading performance (OECD, 2019, p. 185) and STEM learning (Mullis et al., 
2020, p. 294; Wendt et al., 2020, p. 298) between immigrant and non-immigrant students in 
several European countries. Among a variety of supposed factors, researchers consider the 
family’s and student’s socio-economic status as well as an imbalance between the languages 
spoken at home and in school the primary reasons for this alarming gap in reading but also in 
the sciences (OECD, 2019, p. 185; Wendt et al., 2020, pp. 306–307). Scholars have discussed 
the interrelatedness of language competences, like reading or writing, and science competences 
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and found evidence that under-developed verbal competences have a substantially negative 
impact on learning in STEM subjects (Bird & Welford, 1995, pp. 396–397; Childs et al., 2015, 
p. 421). Therefore, the analysis of students’ deficits in academic language proficiency and the 
question to what extent these deficits impede competence development in STEM education 
should focus on the entire student population, i.e., second language learners as well as students 
with low socio-economic status. 

THEORETICAL FRAMEWORK 
In German education research there has been broad consensus regarding the theory that 
integrated language instruction (referred to as “Durchgängige Sprachbildung” in German) as a 
component of every school subject can help the majority of students to overcome their language 
deficits (Gogolin & Lange, 2011, p. 118). Consequently, it seems plausible and necessary to 
develop approaches to the integration of language instruction into science teaching from the 
perspective of the individual subjects and to evaluate the effects of these approaches. Under the 
assumption that the acquisition of scientific vocabulary in some respects resembles the 
acquisition of a foreign language (Rincke, 2011, pp. 255–256; Vygotsky, 2012, p. 109), 
focusing instruction on subject-specific, conceptual understanding and novel items of scientific 
vocabulary at the same time should result in a significant cognitive load on students’ working 
memory (Roussel et al., 2017, p. 78). While humans have evolved to acquire their native 
language, the acquisition of foreign languages usually fulfills cultural purposes and thus our 
brains need to apply different cognitive processes (Roussel et al., 2017, p. 72; Sweller, 2015, p. 
190). Geary theorizes this distinction with the concept of biologically primary and secondary 
knowledge which demand differentially extensive efforts from learners to be acquired (Geary, 
2008). The cognitive load when dealing with two types of biologically secondary knowledge, 
e.g. a foreign language and scientific knowledge, is higher as we need explicit instruction and 
dedication to succeed (Roussel et al., 2017, p. 73).  

Different studies have shown that the challenges for learners in science subjects are particularly 
high because of the simultaneous focus on scientific concepts and vocabulary, i.e. two types of 
biologically secondary knowledge, due to a high cognitive load (Brown et al., 2010, pp. 1479-
1480; Brown et al., 2019, p. 766). Research in multilingual settings in the United States revealed 
that the acquisition of scientific concepts induced improved learning efficiency as well as an 
enhanced articulation of the acquired knowledge for students if the instruction mainly used 
everyday terminology initially (Brown et al., 2010; McDonnell et al., 2016). Using this idea, 
Brown et al. (2010) and Ryoo (2015) designed a series of science lessons in the field of 
photosynthesis and empirically analyzed the effects of the so-called Disaggregate-Instruction-
Approach (DIA). According to their approach, the introduction of scientific terms should only 
happen after the students have internalized the corresponding scientific concepts (Brown et al., 
2010; Ryoo, 2015).  

Brown and colleagues used the idea of Disaggregate Instruction to design a teaching sequence 
which they call Directed Discourse Approach to Science Instruction (DDASI). It subdivides a 
given sequence into four phases (2010, pp. 1474-1475):  

(1) Pre-Assessment Instruction 
(2) Content Construction 
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(3) Introduction of Explicit Language 
(4) Scaffolding Opportunities for Language 

After familiarizing the students with the new topic and students’ preconceptions (1), the teacher 
introduces new content which the learners negotiate only using everyday language (2). 
Afterwards the teacher presents the new scientific terminology (3) and eventually provides the 
students with activities to apply the acquired vocabulary (4).  

RESEARCH QUESTION 
Our ideas to adapt the promising DIA to meet the conditions of a diverse student population in 
a multilingual, urban setting led us to the following overarching research question: 

To what extent does the separation of teaching sequences into initial phases in which the 
teacher primarily uses familiar language and only later introduces new scientific terms (in 
accordance with the DIA) assist students in the acquisition of chemistry-related knowledge and 
the development of chemistry-specific communicative competences? 

RESEARCH METHOD AND STUDY DESIGN 
Instead of merely replicating Brown and colleagues’ study, we have made several adaptations 
to the proposed instructional design with the aim to complement their research in the field of 
chemistry education in the German educational system. For example, Brown and colleagues 
did not examine their participants’ language abilities and based their categorization solely on 
the individual’s cultural and language-learning background instead (2010, p. 1473). In contrast, 
we decided to conduct an analysis of students’ general and scientific language abilities as we 
expect specific effects of the approach, especially for learners with developable communicative 
competences. Furthermore we faced the challenge to establish a border between the concepts 
of everyday and scientific vocabulary which we intend to meet with the help of Brown and 
Spang who draw parallels to vernacular and nonvernacular language (2008, pp. 710–711). We 
believe that terms and the corresponding concepts that the students are already familiar with 
(like water molecule or state of matter; SenBJF, 2015) should be considered vernacular as the 
chemistry class as a community knows how to use these terms properly even though they might 
seem nonvernacular (or scientific) to people outside of this community (Brown & Spang, 2008, 
p. 710). Hence, nonvernacular or scientific terms are only those terms which are completely 
new to the students (here: all the words that describe the subatomic structure of salts and the 
dissolving process). In contrast to Brown et al. (2010, p. 1475) we decided to refrain from 
virtual teaching and opted for an authentic in-person classroom setting. Even though this added 
the teacher as a possibly confounding variable, we are convinced that we can mitigate the effect 
if the teacher stays the same person for every group.  

We designed a sequence of four 90-minute units aimed at early-stage, secondary-level 
chemistry learners with the adapted Disaggregate Instruction teaching approach (Brown et al., 
2010) serving as the treatment. To evaluate its effectiveness, we use a treatment-control study 
design with pre- and post-test measures. The treatment and control groups receive instruction 
of the same content using identical teaching methods. The treatment group studies the scientific 
concepts initially only using familiar language and acquires the scientific terminology 
afterwards. The control group does not experience a strict separation of content- and language-
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learning, i.e., the teacher introduces a new scientific term and the corresponding concept 
simultaneously.  

In the pre-test and thus prior to the instruction, every student takes two c-tests measuring their 
general (Institut für Bildungsmonitoring und Qualitätsentwicklung Hamburg, 2008) and 
scientific (test developed and sampled by ourselves) language abilities. C-tests are a test type 
closely related to cloze tests5 but here only the first or second half of a word is erased and needs 
to be completed. According to their scores, the students can be classified regarding their verbal 
skills. This will be considered in the statistical analysis but does not affect the assignment to 
treatment or control group.  

Before and after the treatment the students also complete a subject-matter knowledge test in a 
multiple-choice-single-select format (Gieske, 2021) to detect knowledge gains as effects of the 
instructional approach. The test consists of 14 items; each item contains 3 distractors apart from 
the correct answer. In addition, the participants have to indicate how confident they feel 
answering each item on a four-level Likert scale (Erb & Bolte, 2012, pp. 16–17). Hence, each 
student receives two separate scores representing their learning gains: the performance score 
purely reflects the selection of correct answers whereas the performance & confidence score 
also takes into account the confidence in answering and thus reduces the probability of assessing 
answers which the participant only guessed correctly. 

The treatment itself, as outlined in figure 1, covers the topics chemical structure of salts as well 
as the dissolving process of salts in water. It incorporates student-centered, collaborative 
activities as well as a variation of media. The teaching sequence is embedded in the context 
“The Dead Sea is Dying” which as a socio-scientific issue creates a learning environment that 
is both interesting and challenging for the students (Sadler, 2009, p. 36). The scientific 
vocabulary of this teaching sequence consists of ten items which we mainly drew from the local 

                                                            
5 Oller & Jonz define cloze tests as „written applications … [in which] single words are replaced with blanks of 
standard length and the respondent tries to fill in each blank” (1994, p. 3). 

Figure 1. Overview of the teaching sequence including teaching material and student products. 
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chemistry curriculum (SenBJF, 2015, p. 36) and supplemented with some linguistically directly 
related terms, e.g. ion, cation and anion. 

The four phases of the DDASI approach are not identical with the four units of “The Dead Sea 
is Dying” but they are woven into the sequence. The first unit serves as the Pre-Assessment 
Instruction. Here the teacher makes the students familiar with the context as well as the topic 
and invites the class to pose questions which the learners would like to discuss throughout the 
sequence. During the second half of the first unit the students work with applications to depict 
their pre-instructional ideas of the dissolving process (bottom left corner in figure 1) which 
gives the teacher the opportunity to monitor students’ language use and prior knowledge. In the 
second unit the teacher introduces the chemical structure of salts and the concept of ionic 
bonding with the help of two fictional characters who remember a visit to a museum at the Dead 
Sea during their holidays. As they do not have all details and terminology in mind, their 
conversation serves as the vantage point to discuss the subatomic structure of salts without 
dense scientific vocabulary (Content Construction I). A scientist helps the characters to 
understand the scientific concept of ionic bonding and to become aware of the different 
purposes of colloquial and scientific language (Introduction of Explicit Language I). The third 
unit then brings together the conceptual findings and introduces the process of dissolving a salt 
in water (Content Construction II). Here we use a movie bar worksheet where students have to 
arrange the correct order of visualizations and textual elements (Introduction of Explicit 
Language II). Afterwards the students use and consolidate their knowledge and depict a 
saturated solution with salt-ion and water-molecule applications (bottom right corner in  
figure 1). The fourth phase and final unit provides the learners with meaningful opportunities 
to demonstrate their understanding applying the new terminology during a hands-on activity 
and scaffolded teacher-student interaction. 

After the teaching sequence, the participants attend to two items measuring their ability to 
communicate in a manner that addresses the text recipient. In this test they write two texts 
addressing an expert (their chemistry teacher) and a novice (a peer who did not participate in 
the teaching sequence) explaining the dissolving of salt in water. We are currently developing 
an analytical framework to map chemistry-specific ways which students use to establish 
audience design in their writing. This framework helps us to investigate the role of the newly 
acquired scientific terminology in students’ writing and text construction processes.  

STUDY SAMPLE AND INITIAL FINDINGS 

Pilot Study 

First investigations with four groups took place at two different schools with diverging 
conditions concerning student attainment in May and June of 2021. We tested our teaching 
sequence at a so-called academic high school and a regular high school with lower student 
attainment in general. The two classes at each school were randomly assigned to treatment (TG) 
or control group (CG).  

The allocation of 102 subject-matter knowledge tests (pre and post) revealed a satisfactory 
reliability of Cronbach’s  = .802. A substantive drop-out due to COVID-19 prevention 
measures reduced the sample to only 36 students who completed both, the pre- and the post-
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test. Table 1 shows selected statistical characteristics for the performance (perf) and the 
performance & confidence scores (perf & conf; cf. Research Method and Study Design) of the 
treatment and control groups from both schools. 

Table 1. Descriptive statistics of the pilot study treatment and control groups.  
Group Treatment (N = 18) Control (N = 18) 

Score perf perf & conf perf perf & conf 

Mean score t0 3.83 1.17 5.06 1.56 

Standard Deviation t0 1.38 0.92 2.56 1.46 

Mean score tn 8.78 6.44 9.56 7.56 

Standard Deviation tn 2.32 2.46 2.01 3.17 

Mean score ∆tn-t0 4.94 5.28 4.50 6.00 

Standard Deviation ∆tn-t0 2.80 2.16 2.33 2.72 

 

The results reveal a substantive gap between the performance and the performance & 
confidence scores for the pre-test in both groups. In the post-test this gap still exists but has 
become smaller in relation to the generally improved scores. There is a tendency of the 
treatment group to slightly outperform the control group when the performance scores are taken 
into account (MTG = 4.94; MCG = 4.50). The control group, however, exhibits a greater learning 
gain compared to the treatment group when performance & confidence scores are considered 
(MCG = 6.00; MTG = 5.28). Yet, this difference does not become statistically significant  
(p = .384). 

Main Study 

The main study started after the summer break of 2021 with four groups at two different 
academic high schools. These two schools are located in fairly privileged areas of Berlin and 
their educational attainment can be considered substantively higher compared to the pilot study 
groups. One class at each school was assigned randomly to the treatment and the other to the 
control group. Table 2 shows descriptive statistics for both groups. 

Table 2. Descriptive statistics of the main study treatment and control groups.  

Group Treatment (N = 48) Control (N = 47) 

Score perf perf & conf perf perf & conf 

Mean score t0 5.69 1.83 5.51 2.21 

Standard Deviation t0 1.99 1.59 2.19 1.84 

Mean score tn 10.94 9.88 10.70 9.55 

Standard Deviation tn 1.69 2.28 1.69 2.38 

Mean score ∆tn-t0 5.25 8.04 5.19 7.36 

Standard Deviation ∆tn-t0 2.23 2.51 2.38 2.40 
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The initial results of the main study show a similar trend regarding the students’ confidence 
when completing the test compared to the pilot study. The pre-test scores are much higher for 
both groups when only performance is considered. In the post-test the performance and 
performance & confidence scores are more similar. This time the treatment group achieved a 
greater learning gain compared to the control group when we consider the performance & 
confidence scores (MTG = 8.04; MCG = 7.36). However, this trend does still not become 
significant in a two-tier t-test (p = .180). Regarding the performance scores, the difference 
between both groups is only marginal (MTG = 5.25; MCG = 5.19).  

 

DISCUSSION OF FINDINGS AND OUTLOOK 
The pilot study in June and May 2021 was constrained by the pandemic situation and 
consequently exhibited a significant drop-out of participating students. Nevertheless, the data 
reveal important implications for our main study. The very satisfactory reliability of the subject-
matter knowledge test confirms the appropriateness for measuring students’ learning gains 
throughout the teaching sequence. The pre-test scores are similarly low in both groups as the 
students only bring marginal prior knowledge to the classroom, however, the teaching – 
independent from the type of treatment – leads to substantially improved results afterwards. In 
order to eliminate the chance of guessing the correct answer, the performance & confidence 
score turned out to be a helpful measure as the students systematically scored below the level 
of probability in the pre-test when their confidence was considered. The teachers’ and students’ 
informal feedback on the teaching sequence turned out very positive and encouraging which is 
another reason why we only had to carry out minor modifications prior to the main study. 

Our findings from the investigations of the first four main study groups confirm the suitability 
of the subject-matter knowledge test and our focus on the performance & confidence scores. 
The mean pre-test scores are slightly higher but as anticipated still on a low level but  
(MTG = 1.83, MCG = 2.21). One main parameter that provides evidence for the effectiveness of 
the teaching approach is the mean learning gain score. The treatment group outperforms the 
control group by a margin of ∆ = 0.78 (MTG = 8.04, MCG = 7.36). This means that students who 

Figure 2. Boxplots of knowledge test perf & conf score gains from pre- to post-test. 
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received Disaggregate Instruction answer on average 8 more items correctly in the post-test 
than they did before the teaching sequence – compared to a bit more than 7 items in the control 
group. Even though this tendency does not become statistically significant, we think it indicates 
an imaginably superior effectiveness of the Disaggregate-Instruction-Approach in relation to 
high-quality chemistry teaching without a strict separation of content- and language-learning. 

The sample size in both, pilot and main study, however, places some limitations on our 
conclusions. Our objective is to expand the data set to solidify statistical effects paying 
particular attention to groups from less privileged backgrounds as we assume that students who 
already perform very well at school potentially do not struggle a lot with the simultaneous 
acquisition of scientific concepts and terminology. Consequently, we will primarily include 
classes from regular high schools in the course of our main study as we expect lower-attaining 
students to benefit substantially and even to a higher degree from the disaggregation and the 
reduced cognitive load. We suspect that the amplification of the sample will likely help to find 
robust statistical evidence for the effectiveness of the Disaggregate Instruction-Approach. 

In addition, the classification of the students regarding their c-test results as well as the analysis 
of student text samples addressed at two different people with varying prior knowledge will 
certainly help to complement our initial findings and further pursue our research question. By 
adding more data and new insights to the findings from previous studies on Disaggregate 
Instruction we hope to contribute to the global linking of research on language instruction in 
science teaching and, most of all, to support students who struggle with the diverse demands of 
science learning. 
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IN-SERVICE TEACHERS’ ADAPTATION OF 
CONTEMPORARY RESEARCH TOPICS TEACHING 

MODULES UNDER MENTORING SUPPORT 
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The negotiation of cutting-edge research topics in science lessons may contribute to students’ 
scientific literacy. Even though respective teaching modules have been developed, their 
dissemination requires appropriate preparation and support for teachers to meet the challenges 
of such a venture. In this context, this study examines adaptations in-service teachers make to 
modules on cutting-edge research topics with the support of their mentors. In total 5 mentors 
and 32 in-service teachers participated in the study. The adapted modules and transcripts of 
the mentoring meetings were analysed. Data indicate that both teachers and mentors 
contributed to the adaptations, which were mostly focused on the activities of the teaching 
modules and that teachers’ initiatives for adaptions were related to their mentor’s guiding style. 
Keywords: Teaching Innovations, Teaching Learning Sequences, Mentoring in Teacher 
Education 

INTRODUCTION 
Integrating teaching modules related to cutting-edge research in science classes familiarizes 
students with the process of scientific research and provides them with the opportunity to 
experience scientific knowledge as an ongoing procedure and to elaborate on its social 
implications (Wong et al., 2008). However, such an endeavour has not yet been broadly 
incorporated in science curricula and therefore it is still considered as an innovative practice for 
teachers. We consider as an educational innovation any new idea, teaching approach or practice 
which is novel for a specific target group and concerns an intentional activity that aims at 
changing an existing practice (Rogers, 2003). One of the means used to inform the practice of 
in-service teachers and to operationalize and disseminate educational innovations is the 
implementation of innovative teaching modules (Pintó et al., 2014) as they comprise a powerful 
learning experience for teachers, who are introduced to new educational approaches. 

However, the dissemination of innovative teaching materials from the original context to the 
multiple implementation contexts is an inherently transformative process to the extent that 
teachers evaluate, adapt and finally implement the respective teaching module, in the light of 
their own personal teaching style, their students’ needs and the particularities of their classroom 
(Pintó et al., 2005). To represent that interpretive process, Brown & Edelson (2003) introduced 
a framework that emphasizes the active role played in this participatory relationship by both the 
teachers (who bring in their personal resources) and the teaching material with its particular 
characteristics. The result of this interaction that takes place between the teacher and the 
teaching material falls into a range that extends between exact adoption of teaching material, 
its adaptation and the improvisation of the teacher. Thus, an innovation, in order to be 
disseminated and sustained, must embrace the active, interpretive teachers’ role and their need 
to develop ownership of the innovation (Melville, 2008). 
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Hence, the introduction of an innovative teaching module should be appropriately supported 
during its implementation in order teachers to cope with the problems that arise in their daily 
teaching practice (Bitan-Friedlander et al., 2004). In particular, this ongoing support can be 
most effective when provided within a learning community, by a more experienced colleague 
acting as mentor and as a scaffold to support teachers in acquiring ownership of the innovation 
(Rogan, 2007). In our study we adopted the approach of mentoring in collaborative settings as 
it involves teachers in active learning processes by implementing teaching innovations, 
collaboratively exploring ways to improve their day-to-day practice and reflecting on it 
(Bradbury, 2009; Feiman-Nemser, 2012). 

Based on this approach, the aim of the present study is to give an insight on the adaptations in-
service teachers make to modules on cutting-edge research topics with the support of their 
mentors within learning communities. The main research question is: How do in-service 
mentee-teachers adapt modules on cutting-edge research topics in order to implement them in 
their classrooms with the support of their mentors? and it is examined through the following 
sub-questions:  

(i) What adaptations do mentee-teachers and mentors propose?  
(ii) What kind of practices do mentors use in order to support their mentors while 

adapting the modules? 

METHOD 
Research Design 

In the context of our research, 5 mentors (who were previously trained in nanotechnology 
education and had developed and piloted a nanotechnology module) supported 32 primary and 
secondary education teachers in groups of 6-7 persons, in implementing a module on a cutting-
edge research topic. The selected topics were: Nanotechnology applications, Microplastics in 
the ocean and Carbohydrates of baby formulas. All three modules were developed in the 
framework of the EU-project IRRESISTIBLE (www.irresistible-project.eu). Their innovative 
elements resided on:  

 the negotiation of current research topics,  
 the introduction of Responsible Research and Innovation (RRI) framework from 

educational standpoint in order to negotiate social implications of science (Owen et 
al., 2012),  

 inquiry-based approach to learning, a process in which students are actively engaged 
by scientifically oriented questions, develop evidence-based knowledge of scientific 
phenomena and get acquainted with scientific practices (Minner et al., 2010) and  

 the development of interactive scientific exhibits by the students as a means of 
communicating their newly acquired knowledge with their classmates and the public. 

The mentoring process lasted for about 9 months during which each group held about 8 
mentoring meetings and was divided in three successive phases. In the orientation phase, 
mentors and mentees elaborated on the scientific content of each module, the involved social 
implications and aspects of inquiry-based learning. In the redesign phase, mentees thoroughly 
examined the modules and then re-designed them in order to adapt them to each school context. 
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The implementation phase concerned the enactment of the modules in real class conditions and 
the mentees’ reflection on the mentoring experience. 

Data collection and analysis 

Our main data source was the adapted teaching materials that were produced by the teachers 
and the audio-recordings of all the group mentoring meetings.  

Due to the explorative nature of the research, qualitative methods of content analysis were used. 
Teachers’ adaptations in all three teaching modules were identified through the detailed 
examination of the final lesson plans and teaching materials and their comparison with the 
original material they had received. As adaptation we defined any variation from the original 
teaching module, which was implemented by the teachers, whether it was originally suggested 
by a mentor or a teacher of the learning communities. These adaptations were categorized as 
related to (i) the scientific content of the modules, (ii) the activities carried out by students or 
teachers in the classroom and (iii) the materials which students interacted with (Table 1). 
Moreover, through the examination of the transcripts of the meetings we distinguished the 
adaptations as originally proposed by a mentor or by one of the teachers. 

Table 1. Coding scheme for teachers’ adaptations. 

Categories Criteria 

Subject matter Addition of related concepts  

Omission of concepts 

Activities Addition of activities 

Modification of activities 

Omission of activities 

Physical Materials Use of different materials 

Modification or development of new worksheets 

Use of different digital materials 

 

Regarding mentors’ style, the mentoring practices that emerged from the data were organized 
into two broad categories, according to Crasborn et al. (2011). Mentoring practices who tended 
to bring in information (e.g., sharing ideas and suggestions, giving feedback, giving 
instructions) were categorized as directive. In contrast, mentors' practices that aimed to extract 
information from the teachers (e.g., asking questions, reflecting, encouraging the development 
of alternatives) were categorized as non-directive. 

RESULTS 
Data analysis revealed that the majority of the adaptations were focused on the activities of the 
teaching modules, followed by the adaptations regarding the materials, while the number of 
those concerning the scientific content of the modules was more limited (Figure 1). This trend 
was common throughout all three teaching modules. However, noteworthy differences were 
observed in the number of adaptations suggested by teachers compared to those suggested by 
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mentors in each teaching module. In the Nanotechnology module, teachers and mentors 
contributed equally to its adaptation, even if mentors’ suggestions were mainly focused on the 
module’s activities while the teachers proposed and carried out more practical modifications 
regarding materials of these activities. On the other hand, in the Microplastics and the Milk 
carbohydrates module we observed that mentors’ suggestions for adaptations were far more 
limited than the teachers’ across all the categories (content, activities and materials). 

 
Figure 1. Absolute frequency of adaptations per teaching module and person that introduced them. 

The results among the three modules were also similar in case of the practices mentors 
employed to support their mentee-teachers. Across all five learning communities mentors 
tended to use mostly directive practices in order to guide the teachers throughout the re-design 
phase, as sharing their opinion and experience from previous implementation of the 
Nanotechnology module and explaining the significance of the incorporated innovative 
elements. However, they adopted a far more directive mentoring style when supporting the 
implementation of the Nanotechnology module than the Microplastics and the Milk 
carbohydrates module.  

Table 2. Percentage of use of mentoring practices. 

Mentoring Practices Nanotechnology Microplastics Milk carbohydrates 

Directive 
practices 

Model 32% 11% 9% 

Advise 29% 27% 34% 

Give feedback 17% 20% 28% 

Evaluate 7% 11% 7% 

Non-directive 
practices 

Posing questions 5% 13% 9% 

Encourage 8% 12% 10% 

Summarise 2% 6% 3% 

 



 

391  

In fact, our results revealed a negative correlation between the adoption of a more directive 
mentoring style and the suggestion of adaptations by the teachers themselves for all three 
modules (Figure 2). This means that the less directional the mentors were, the more initiatives 
teachers took to suggest modifications of the modules. 

 
Figure 2. Correlation between mentors' use of directive practices and the absolute frequency of teacher-
introduced modifications. 

DISCUSSION AND CONCLUSIONS 
In the context of our study, the participating teachers were invited to apply in their classrooms 
ready-made innovative teaching modules on cutting-edge research topics. However, as 
highlighted by Brown (2009), the preparation of their lessons had a strong redesigning 
orientation, through which teachers developed ownership of the innovation adapting the 
modules to their teaching style, their students’ needs and school context. The above took place 
in a safe environment shaped by the non-evaluative guidance provided by mentors, and in 
collaboration with colleagues who had a common goal. In this process, the mentors did not just 
have a supportive role, but actively participated by proposing themselves and supporting a 
significant number of modifications based on their previous experience. Moreover, mentors’ 
contribution in this process was crucial as it was their intervention that ensured that the adapted 
modules would remain faithful to the spirit of the innovation, despite the requisite teachers’ 
modifications. Finally, the results on the correlation between the mentoring style and the 
development of the teachers' sense of ownership may also contribute to the formation of 
guidelines regarding the support that should be provided to teachers in order to implement an 
innovation, emphasizing the balance between freedom to adapt innovations and guidance to 
ensure that these adaptations do not alter the rationale of the innovation. All the above elements 
reinforce the position that group mentoring is not only a useful tool for teachers' professional 
development but may also be used to support the implementation of innovative teaching 
modules.  
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Given that teacher modifications are intertwined with the degree of ownership and their 
importance in the sustainability of the innovation the results on the correlation between the 
mentoring style and the development of the teachers' sense of ownership may also contribute 
to the formation of guidelines regarding the support that should be provided to teachers in order 
to implement an innovation, emphasizing at first the ongoing support throughout the 
implementation phase and secondly the balance between freedom to adapt innovations and 
guidance to ensure that these adaptations do not alter the rationale of the innovation. Therefore, 
the active participation of in-service teachers in the process of both developing and 
disseminating a TLS is considered beneficial and as such it must be evaluated by science 
education research. 
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EVOLUTION OF THE MODELS OF MILK FERMENTATION 
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Modeling is a scientific practice that allows students to learn, describe and predict scientific 
phenomena through representations, images, models, etc. However, modeling is a complex 
process that requires the acquisition of several scientific skills. As students acquire skills to 
work with models, they develop not only scientific skills, but also social, linguistic, etc. This 
study presents the evolution of the models on the transformation of milk into yogurt (lactic 
fermentation) by 23 10th grade students from two schools in the province of Malaga (Spain) at 
different times of a teaching-learning sequence (TLS), focused on the preparation of yogurt and 
if this is a healthy food. In order to analyze the models proposed by the students, a simplified 
school model was used, consists of three phases (1. reproduction of bacteria, 2. acid formation 
and 3. protein denaturation), finding 5 categories depending on the phases that could be 
identify in their answers. The evolution of the models was studied over 4 moments: before the 
TLS, after knowing the composition of milk and yogurt, after making homemade yogurt, and at 
the end of the TLS after knowing the scientific model. The results showed that the student models 
are getting closer to the reference school model as the TLS progresses, detailing all the phases 
in the last two moments and decreasing the frequency of students who do not indicate any 
model. However, there is not a significant number of students who include the three phases in 
the model, so work must continue in this regard. 
Keywords: Models in Science, Secondary School, Teaching Learning Sequence 

INTRODUCTION 
The teaching of the chemical reaction model in the context of fermentation, poses a challenge 
to the most common approaches in the initiation to the learning of chemistry, in which the 
chemical reaction models are raised from simple phenomena of the inorganic world (Aragón, 
Oliva & Navarrete, 2010). We consider that, although it can be teaching from a more complex 
way and requires a careful educational transposition (Chevallard, 1998), the importance that the 
model can have in explaining everyday phenomena is gained. The importance of food in daily 
life, both personally and socially, makes this context relevant for the chemistry teaching at the 
secondary school. Specifically, kitchen chemistry is considered a very useful context in science 
education given the large number of chemical and physical concepts that can be addressed in 
it, the ease in preparing some recipes, and the similarity of the kitchen with a science lab. For 
this reason, this study uses yogurt as a context to study the evolution of Spanish grade 10 
students’ models on the transformation of milk into yogurt (lactic fermentation) at different 
times of a teaching-learning sequence (TLS) that addresses this topic. 

METHOD 
The study is carried out in a TLS focused on the production of yogurt and if this may or may 
not be considered a healthy food (Muñoz, Franco and Blanco, 2020) implemented with 23 10th 
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grade students from two secondary schools in Malaga (Spain) (A and B) in the field of 
chemistry. The age of the participants was 16 years and 52% were girls. The TLS was developed 
in 9 one-hour class sessions in which different tasks related to modeling were interspersed. To 
identify the student models, a simplified school model involving three phases was used. Phase 
1, reproduction of bacteria, consists of an increase in the number of bacteria in the milk as the 
temperature increases through a biological mechanism. In the second phase, a chemical 
transformation occurs where milk sugar (lactose) is divided into glucose and galactose, 
transforming glucose into lactic acid by the action of bacterias. In phase 3 the transformation is 
completed by intervening the lactic acid obtained as a product in the previous phase. This phase 
consists of the denaturation of proteins by the action of lactic acid through a chemical 
transformation, producing a decrease in pH (Muñoz, Franco and Blanco, 2020). 

In order to know the evolution of the lactic fermentation models proposed by the students, four 
moments of the TLS were analyzed in which they were asked to explain this transformation 
with a model and a drawing: (1) before the TLS, (2) after to know the composition of milk and 
yogurt, (3) after making homemade yogurt, and (4) at the end of the TLS, after knowing the 
scientific model. At moments 1 and 2, the students were helped by indicating that bacteria were 
responsible for the transformation of milk sugar into acid (phase 2), while in moment 3, the 
help consisted in indicating that the components involved they were bacteria, sugars and milk 
(phases 1, 2 and 3). Moment 4 differs from the others in that it requires an open explanation of 
the process. The aim is to analyze the evolution of the student models with the same type of 
questions and less help. 

The transformation of milk into yogurt is from the ontological point of view (Chi et al., 1994) 
a concept related to a process and for an adequate explanation of it, it is necessary to attend to 
the following aspects: What material things are involved? (systems), what happens between 
them? (type of interaction), and what things change during the process? (type of 
transformation). In a previous paper (Franco-Mariscal, Blanco-López and España-Ramos, 
2018) this scheme was used to analyze the models of the students on another process such as 
dental caries, in which the models were categorized around in two dimensions, the active agent 
and the mechanism. And based on these two dimensions, a progress scheme of the models 
identified in the students was proposed. The application of this scheme to the transformation of 
milk into yogurt involves identifying the entities (milk and bacteria), the interaction that occurs 
between them and those that result (yogurt). 

For this, a reading of the answers was carried out, and through an inductive and iterative process 
the different categories emerged. In order to categorize the answers, the drawings and 
explanations offered by the students were analyzed jointly in each of the tasks about models 
during the different moments of the TLS, from which the possible underlying models could be 
identified. In this study, it is considered that a mental model on the transformation of milk into 
yogurt must have the three phases mentioned above and in each of them indicate two 
components (the agent and the mechanism). 

Of the answers given by the students, it has been possible to identify five categories: (C1) no 
model, (C2) models that explain the transformation including only phase 1, (C3) models 
including only phase 2, (C4) models including phases 1 and 2, and (C5) models including 
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phases 2 and 3. 

RESULTS 
Analysis by phases of the scientific school model 

Phase 1. Increase in the number of bacteria 

First, it is necessary to point out that very few students mention this phase of the process and 
all of them are from group B. Furthermore, these models only appear when the students have 
prepared homemade yogurt. 

A model has been identified that considers that during this phase a biological transformation 
takes place that consists of the reproduction of bacteria. This model indicates that the agent is 
the bacteria and as a mechanism the reproduction of the bacteria itself with the help of 
temperature, as we can see in figure 1. 

 
 

 

Figure 1. Biological transformation (Phase 1). 

The fact that this model is only found in one of the groups shows that it is not an aspect that 
students can achieve on their own through the experience of making yogurt. It may be due to 
the knowledge that certain students had about the reproduction of bacteria and the factors that 
accelerate it. These results show the need to devote specific attention to this phase of the 
process, addressing specifically to students the role that temperature plays in the transformation 
of milk into yogurt. 

Phase 2. Transformation of sugar into acid 

In this phase, the students' answers are more complex to analyze since they include references 
to the four elements of the model (agent, support, product and mechanism). A large number of 
models appear when different agents are combined with mechanisms being mentioned by both 
groups. 

The most frequent model is the closest to the reference school model, indicating that by the 
action of bacteria, milk is transformed into yogurt through a chemical transformation (figure 
2). 

 

Translation: “This reaction is due to the fact that the bacteria in the milk reproduce faster by high temperature. They 
get excited and make the yogurt, because it was made at a low temperature and the milk did not turn into yogurt” 
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Figure 2. Chemical transformation whose agent is bacteria (Phase 2). 

Considering the agent, in all the moments of the TLS, the one that is most mentioned is that of 
"bacteria" followed by "bacteria and other components". Almost all the answers of the students 
that mention “bacteria and other components” as an agent indicate that the process goes through 
a physical transformation (figure 3). 

 

 

Figure 3. Physical transformation whose agent is bacteria (Phase 2). 

From the point of view of the mechanisms, the chemical transformation is the one that the vast 
majority of students’ answers. Only three students do not indicate the type of mechanism that 
the process of transforming milk into yogurt undergoes and these answers are given before 
starting with the teaching sequence (figure 4). 

Translation: “Milk is mixed with yogurt so that the mixture has the lactic ferments. These chemically react with 

the sugar in the milk to form acid, which causes the mixture to curdle and turn into yogurt. For the reaction to take 

place, high temperature is necessary for a period of time”. 

Translation: “The lactic ferment mixes with the atoms of the milk, in such a way that the atoms come together 
and form the yogurt”. 
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Figure 4. Does not specify transformation, bacteria agent (Phase 2). 

This phase is the only one where the mechanism related to biological functions appears (figure 
5), in which the students mention that the transformation process takes place through the 
digestion of the bacteria considered as an agent. 

 
 

 

Figure 5. Biological transformation whose agent is bacteria (Phase 2) 

Phase 3. Protein denaturation 
Contrary to what happened in phase I, this phase is only mentioned by students from group A. 
To categorize the answers to some model of this phase, it has been taken into account as a 
criterion that there were explicit indications or references to a transformation subsequent to the 
second phase. The frequent model is the closest to the reference school model, indicating that 
a chemical transformation occurs through an agent that is acid (figure 6).  

Translation: “Bacteria convert milk sugar into acid”.  

Translation: “Bacteria eat sugar and their waste is converted into lactic acid. As the temperatura increases, bacteria 
reproduce faster, accelerating the reaction”.  
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Figure 6. Chemical transformation whose agent is acid (Phase 3). 

Analysis by moments of the TLS 

Before TLS (moment 1). Categories C1 (minority), C3 and C5 were detected (Figure 7). 

 
Figure 7. Overall results of both groups at the different moments of the TLS. 

While in group B the responses were only related to phase 2 (C3), some students in group A 
relied on phases 2 and 3 (C5), this type of response being the majority in this group. 

After knowing the composition of milk and yogurt (moment 2). Same categories were found as 
at moment 1, with the majority response being C3 (phase 2 only), cited equally in both groups. 
A student without a model (C1) was found in group B. Only in group A were responses that 
referred to both phase 2 and 3 (C5) detected. Attending to moment 1, the number of students in 
group A that indicated phase 2 increased, while in group B it remained. 

After making homemade yogurt (moment 3). The five categories were found, with C3 being the 
majority category, as in the previous moments. Only in group B explanations were detected that 
included phase 1 (C2), or phases 1 and 2 (C4), the latter being the majority response. However, 

Translation: “Milk carries sugar and bacteria, at a temperatura above 40ºC, bacteria begin to break down the sugar 
in the milk to transform i tinto acid”. 
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in group A, the most numerous response continued to be that indicated only in phase 2 (C3). 
Comparing these results with those obtained at other times, in group B there are fewer students 
who mention phase 2 (C3), increasing this category in group A.  

At the end of the TLS, after knowing the scientific model (moment 4). Four categories were 
found (C1, C3, C4 and C5) being again the majority C3. Students in group A only mention 
either phase 2 (C3) or phases 2 and 3 (C5) exclusively. With respect to previous moments, in 
this group there was an increase in the frequency of students who considered that the process is 
carried out through two phases (categories C4 and C5) and not just one. However, there is still 
a significant number of students who consider a single phase. On the other hand, the student 
who did not indicate a model, disappeared. In group B, they again mentioned C3, C4 and C5, 
the answer that states that the process is only carried out through phase 1 (C2) disappears and 
the student continues who does not recognize any pattern (C1). Also decrease the number of 
students indicated by C4 by increasing the answers for C3. In both group A and B, the majority 
category is C3. 

CONCLUSIONS 
The results show an important progress in the lactic fermentation models expressed by the 
students when advancing in the TLS, finding all the phases of the school model in the last two 
moments and decreasing the frequency of students who do not indicate any model. It seems that 
making yogurt in the classroom and knowledge of the scientific model are important to better 
understand how transformation occurs. The results also show, that the TLS achieves that a good 
number of students are able to explain lactic fermentation with more advanced models than 
those usually found in the literature (Moreno & López, 2013). However, not all students have 
been able to include all three phases at the moment, so more modeling tasks must continue in 
the classroom to achieve this goal. Finally, the differences found between the two groups 
regarding the mentioned phases, may be due to the initial background of these students in 
understanding the chemical reaction or the role of bacteria in biochemical reactions, a topic that 
will be the object of study in future research. 
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This study examines the development of procedural knowledge and experimentation skills in 
high-school students after a context-specific Teaching Learning Sequence (TLS) in a virtual AC 
electric circuit laboratory environment. The students (N=18, aged 16-17) were subjected to an 
inquiry-based teaching intervention aiming at developing their procedural knowledge, 
experiment design and implementation skills. A TLS was developed and enriched with explicit 
teaching of the experimentation procedures and inclusion of metacognition-enhancing 
activities. A pre-/post-instructional assessment scheme was used to evaluate students' 
procedural knowledge and experimentation skills. Our data comprise completed questionnaires 
for assessing procedural knowledge and worksheets completed during pre- and post-task in-
class assignments for assessing experimentation skills. Overall, after instruction, students have 
significantly advanced their procedural knowledge and experimentation skills on the subject of 
AC electric circuits. The statistical analysis of our data shows a strong correlation between the 
procedural knowledge (completed questionnaires) and the experimentation skills (worksheet 
task assignments) acquired by the students. 
Keywords: Teaching Learning Sequences, Inquiry-based teaching, Scientific Experimentation 

INTRODUCTION 
Studies suggest that inquiry-based teaching using virtual laboratory environments can promote 
students' engagement in experimental investigative activities thus enhancing their conceptual 
understanding of physical phenomena (Ruten et al., 2012). Furthermore, being involved in such 
activities, students may also acquire investigative skills, such as hypothesis forming, variable 
identification, experimental procedure description and implementation, results evaluation and 
conclusion drawing (Taramopoulos et al., 2011). The acquisition of such skills by students is 
an important ingredient towards the understanding of scientific methodologies of 
experimentation. However, the development of students’ experimentation skills alone does not 
suffice for them to design and implement scientifically valid experiments, since experiment 
design and implementation are relevant to both the scientific domain being studied, and the 
scientific methodology (Garratt & Tomlinson, 2001). And there is evidence that students find 
it difficult to set up and perform well-designed experiments (de Jong & van Joolingen, 1998). 
Hence the term ‘practices’ has been suggested to be used instead of the term skills to emphasize 
the requirement for both knowledge on aspects of experimentation and skills in scientific 
experimentation (NCR, 2013). 

Inquiry-based teaching using either physical (PL) or virtual (VL) laboratory environments can 
promote students' engagement in laboratory activities and help them acquire experimentation 
skills (Brinson, 2015), through teaching of the implemented experimental procedures either 
implicitly (Lefkos et al. 2011), or explicitly (Vorholzer et. al., 2020). Explicit teaching is 
deemed to be quite efficient for secondary school students in domains like mechanics or DC 
electricity by the recent study of Vorholzer et. al. (2020) who report that by including explicit 
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teaching of the inquiry phases as part of the instruction and combining this with metacognition-
enhancing activities, students' skills and knowledge may be further improved. It seems then 
plausible that one way to develop students' experimentation skills would be to teach them 
explicitly scientific procedures of experimentation embedded in normal domain inquiry-based 
instruction. It is expected that by such explicit teaching students may develop both their 
understanding of the physical phenomena under study (cognitive knowledge) and their 
understanding of scientific procedures followed when designing and contacting scientifically 
valid experiments (procedural knowledge), while developing their experimentation skills 
through investigative activities. Therefore, it is important that further evidence is provided on 
the efficiency of such an approach and that the relation between the development of students’ 
procedural knowledge and their experimentation skills is further investigated. 

Although research in Teaching Learning Sequence (TLS) is a productive area of research, most 
TLS studies have focused on examining students’ enhancement of domain knowledge rather 
than on the development of their procedural knowledge or investigative skills. In this context 
we have developed and applied an innovative inquiry-based technology-enhanced TLS, 
integrating VL in the area of AC circuits for secondary school students and taking into account 
TLS design issues suggested in the literature (Psillos & Kariotoglou 2016), aiming at enhancing 
both students' procedural knowledge and experimentation skills. Our present research aims at 
examining whether the development of procedural knowledge, being offered explicitly during 
such an enriched inquiry-based TLS to secondary education students, correlates well with the 
development of students' experimentation skills in terms of designing and performing scientific 
experiments in a virtual AC circuit laboratory environment. 

METHOD 
Participants were 18 students (17-18 yrs) from a senior high school in Greece. All students had 
some prior knowledge of DC electric circuits, but none of them had received any prior 
instruction on AC circuits. Our approach drew on teaching the scientific procedures of 
experimentation explicitly, involving students in inquiry-based guided experimental activities 
utilizing an open virtual laboratory environment in AC circuits. The virtual laboratory 
environment used was the open virtual electric circuit laboratory WebLab of the Science Center 
and Technology Museum (NOESIS), equipped with a user-friendly drag-and-drop interface and 
an affordance of dynamically-linked concrete and abstract representations of electric circuits, 
shown in figure 1 (Molohidis et al., 2015).  

The TLS consisted of seven hourly units with modular worksheets. The activity worksheets 
contained an initial problem-question and students were prompted to design an appropriate 
experiment to solve the problem, construct a suitable circuit and carry out the experimental 
procedure they had designed. Thus they prompted students to provide answers for various 
aspects of experimentation, including formation of a hypothesis, proposal of experimental 
verification of the hypothesis, identification of variables affecting the phenomena being studied, 
listing of devices and instruments needed, describing the experimental setup, the phenomena 
taking place and the experimental process, setting up the appropriate circuit for the experiment, 
taking and analyzing measurements, evaluating and interpreting results, drawing conclusions 
and evaluating the initial hypothesis. 
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Students were randomly divided into six subgroups of two and two subgroups of three, while 
each subgroup had access to a single computer. They were first directed to discuss the questions 
of the worksheets within their subgroup and if their problems were not solved, they were asked 
to initiate an open discussion with the whole class. During this open class discussion, subgroups 
were expected to refer to their views and findings on the issue raised and converge to the 
scientific answer through the supervision and coordination of the instructor. The instructor also 
filled in any missing field knowledge so that the students have an understanding of the 
phenomena taking place in the circuits they were studying. 

 
Figure 1. The NOESIS WebLab virtual laboratory environment. 

Three experiments were performed in total during this innovative TLS and aspects of scientific 
experimentation were explicitly taught to the students who were prompted to design each 
experiment guided by a design activity worksheet and then perform the experiment they had 
designed guided by an implementation activity worksheet. The design and implementation 
worksheets of the first experiment of the TLS followed a structured inquiry pattern. Initially the 
design activity worksheet contained an initial problem-question in order to provoke students' 
questioning. The students were then guided to design an appropriate experiment to solve the 
problem, being provided scaffolding through appropriate questions of the worksheet, reflect 
upon their previous knowledge in order to find the theoretical knowledge  being applicable to 
the problem, take a decision on the physical quantities needed to be measured, design an 
appropriate circuit to take necessary measurements, draw it schematically and decide on the 
experimental procedure for measuring the quantities needed. The experiment implementation 
worksheet, which followed this first experiment, initially asked the students to construct the 
circuit they had drawn schematically in the virtual laboratory environment. Then, students were 
asked to carry out the experimental procedure they had designed, understand and analyze their 
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measurements, formulate the answer to the initial problem and evaluate their predictions. After 
having completed each experimentation phase, students were prompted to reflect upon the 
experimentation steps they had carried out in order to reach the final result. A part of the first 
design activity worksheet is included in Appendix A. 

The TLS should allow students to take decisions about the experimental procedure they would 
follow, by designing their own circuits, constructing them in the virtual environment and 
exploring their behaviour, rather than reading about, constructing and exploring given circuits. 
Therefore, the guidance embedded in the activities varied during the TLS. After the first unit, 
instruction gradually moved towards guided and finally open inquiry as the TLS was 
progressing and students became more familiar with the scientific experimental procedure 
(Zion & Mendelovici, 2012). Appendix B shows the activity worksheet of the last unit which 
followed an open inquiry pattern with a given initial problem. 

During instruction students were involved in reflection upon the actions carried out as part of 
the experiment design and implementation procedures. The teacher guided the students and 
explicitly named and described each procedure followed by them. Also, one of the units, 
halfway through the TLS, contained a reflection on the experiment design and implementation 
process, during which the teacher and students reviewed and after discussion wrote down the 
scientific experimental design and implementation procedures applied in the previous units. 

A pre-/post-test design was implemented, with pre- and post-tests assessing both students' 
procedural knowledge via a paper-and-pencil written questionnaire and experimentation skills 
in AC electric circuits via the design and implementation of certain experiment tasks. The 
questionnaire contained 18 multiple-choice questions about various aspects of experiment 
design and implementation. All questions were expressed in the context of electric circuits and 
did not require any knowledge other than the one students had received instruction for in 
previous school years. The questionnaire assessed aspects of experimentation, such as forming 
hypotheses, variable identification, choosing materials and instruments, describing 
experimental procedure, obtaining results, forming and evaluating conclusions. The same 
questions were used both as a pre-test and a post-test but the order of the questions in the pre-
test differed from that in the post-test. Also, the order of the answer items for each multiple-
choice question in the pre-test differed from that in the post-test to minimize the effect of any 
memorizing strategy students might have adopted. The questionnaire was developed and 
verified for content validity and reliability in a previous pilot study (Taramopoulos & Psillos 
2020). Measurements of Cronbach's alpha for the current study gave values of 0.756 (pre-test) 
and 0.778 (post-test), indicating sufficient reliability. The students' scores were adjusted to a 
100-point scale and the mean test score was then calculated.  

The students’ experimentation skills were assessed through a pre- and a post-test task in-class 
assignment. Before the beginning of the TLS, students were asked to design and perform an 
experiment in order to answer if Ohm's law for resistors holds in AC circuits similarly to DC 
circuits (pre-test task). The post-test task asked the students to design and implement an 
experiment in order to answer whether a circuit, with an inductor connected in parallel to a 
capacitor, behaves in AC as a bandpass filter. Both tasks were accompanied by appropriate 
worksheets which did not contain any guidance other than the initial question and a prompt to 
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design and perform an experiment to answer it describing in detail their actions. Two 
experienced researchers scanned the worksheets for statements which showed skills in any of 
the experiment design and implementation phases and then classified their statements according 
to a three-level Likert scheme for each experimentation phase. A lack of statement or a 
statement which did not contain any correct experimentation elements was classified as level 1, 
a partially correct or a partially complete statement as level 2 and a correct and complete 
statement as level 3. This level classification was considered to be a process which sampled 
students' experimentation skill level at each experimentation phase. Students' levels were 
averaged and then adjusted to a 100-point scale. 

RESULTS 
We have avoided using parametric tests in the comparisons to ensure that our results do not 
depend on the assumptions of these tests and are not affected by our small sample size or other 
characteristics of our data. We therefore based our conclusions on the overlap of the 95% 
confidence intervals, which were calculated using BCa CI (Bias Corrected and accelerated 
Confidence Intervals) with 1000 samples, randomly selected from the current research sample. 
In effect, this technique, known as bootstrapping, treats our sample data as a population from 
which 1000 random smaller samples are taken. From these samples, the properties of the 
sampling function of our data, like the 95% confidence intervals, can be estimated avoiding 
possible bias due to our small sample size (Efron & Tibshirani, 1993). No overlap between 
compared BCa Confidence Intervals implies that the means come from different populations 
and are significantly different at the p<0.01 significance level (Cumming & Finch 2005). 
Significant overlap of the order of half the length of the confidence interval or greater implies 
that there is no statistically significant difference between the means of the compared 
populations (p>0.05) (Cumming 2012). 

 

Figure 1. Pre-and post-test scores for procedural knowledge and experimentation skills. 

Comparing the students' scores in the procedural knowledge pre-test questionnaire with the 
scores from the worksheets in the pre-test task we have found that there is significant overlap 
in BCa CIs and therefore these scores were statistically similar (Mprocpre=39.78 [29.87,49.70], 
Mtaskpre=37.73 [35.28,40.88]). The same was true for the scores in the procedural knowledge 
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post-test with the scores from the post-test task worksheets (Mprocpost=67.33 [57.88,76.16], 
Mtaskpost=72.45 [64.64,80.40]) (results are shown in Figure 1).  

There was a statistically significant increase for both the procedural knowledge and the 
experimentation skills of students between the pre- and post-test scores (no BCa CIs overlap, 
p<0.01) with a strong statistically significant positive correlation between them, r=0.91 
[0.86,0.99]. 

DISCUSSION AND CONCLUSIONS 
In order to help students, understand the procedures of scientific experimentation in AC electric 
circuits during normal in-class instruction, an innovative inquiry-based technology-enhanced 
Teaching Learning Sequence (TLS) was developed. The TLS, which utilized an open virtual 
AC circuit laboratory environment, was enriched with reflection metacognition-activities and 
aimed at the development of both procedural knowledge and experimentation skills. Results 
show that after the TLS, students seem to have significantly developed both their procedural 
knowledge and their experimentation skills. Thus, our TLS appears to be effective in helping 
students advance their procedural knowledge on designing and implementing experiments in 
AC circuits and simultaneously develop students’ experimentation skills on performing aspects 
of the scientific experimentation procedures. 

Our results also indicate that the development of procedural knowledge may correlate well with 
the development of experimentation skills. Thus, in the context of a technology enhanced 
inquiry-based TLS it seems that by enhancing students' procedural knowledge, e.g. through 
explicit teaching in the classroom, and involving students in designing and implementing 
experiments through investigative activities, the experimentation skills of secondary school 
students may also be enhanced. Therefore, the term "practices" may justifiably be used instead 
of the term "skills" to emphasize that engaging in scientific investigation requires not only skills 
but also knowledge that is specific to each aspect of experimentation (NRC, 2013). 

Our results, combined with the results of previous studies (Taramopoulos & Psillos, 2020), in 
which it is reported that after instruction utilizing such a TLS the students’ cognitive knowledge 
is also advanced, seem to indicate that by enriching instruction with the explicit teaching of the 
experimentation procedures, teaching may achieve several goals simultaneously: advance 
students’ cognitive knowledge, advance their procedural knowledge and develop 
experimentation skills. In this way students may acquire the knowledge and the skills to 
investigate physical phenomena on their own and through this acquire a deeper understanding 
of physical sciences. Hence our results put forward the claim that by including explicit teaching 
of the experimentation procedures combined with metacognition-enhancing activities as part of 
the instruction, secondary school students' experimentation skills and knowledge may be 
significantly improved, in accordance with other recent similar reports (Vorholzer et. al., 2020). 
More research is necessary to reinforce this claim given the limitations of our current study, 
such as the lack of comparison with implicit teaching of experimentation procedures. 

Examining the relation between the development of students’ procedural knowledge and 
experimentation skills, a strong correlation is observed. This is indicative of the fact that both 
are developed simultaneously during the TLS. However, it does not necessarily imply any 
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causal relation between them, nor does it provide clues as to how this may have been achieved 
during the TLS. Further investigation is necessary to clarify the nature of this correlation. 
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Appendices 
Appendix A 

A part of the first structured inquiry, experiment design, activity worksheet: 

Ι. Experiment Design 

Activity 2 (physical quantities recognition) 

Which quantities will be needed to be measured in the output of the circuit which will be 
constructed?  (Α. dependent variable recognition  -  physical quantities recognition dimension)  

.......................................................................................................................................................

....................................................................................................................................................... 

Since we want to explore what happens in both high and low AC frequencies we will have to 
change a certain physical quantity during our experiment. So, which physical quantities do we 
need to change in order to observe the changes in the quantity measured in the output?  (Β. 
independent variable recognition  -  physical quantities recognition dimension) 

.......................................................................................................................................................

....................................................................................................................................................... 

When we conduct an experiment we do not alter many variables simultaneously, because if we 
do so and a change occurs in a measured quantity then we will not know which variable we 
changed resulted in the change in the measured quantity. Thus we wish to preserve constant all 
the rest of the quantities which affect the measured quantity. Which quantities need to remain 
constant in our experiment?    (e.g. the amplitude of AC voltage, time of measurements, 
instrument properties)  (C. recognition of variables which need to be controlled  -  variable 
control strategy  -  physical quantities recognition dimension)  

.......................................................................................................................................................

....................................................................................................................................................... 

   * What are the 3 actions, the 3 steps done in activity 2? (reflection activity) 

Α)__________________________ 

Β)__________________________ 

C)__________________________ 

(Activity 2 conclusion: In order to design an experiment it is necessary to find which quantities 
are involved, A. which ones should be measured, B. which should be altered, and C. which ones 
should be kept constant.) 
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Appendix B 

A part of the last open inquiry activity worksheet: 

Ι. Experiment Design 

Based on the behaviour of RC and RL circuits in AC, what do you think happens when a resistor 
(R), a capacitor (C) and an inductor (L) are connected in series? Which AC frequencies have 
the highest voltage amplitude in the output and why?  

.......................................................................................................................................................

....................................................................................................................................................... 

How can you check experimentally the hypothesis you made above? Design an appropriate 
experiment. Describe your design below in detail. 

.......................................................................................................................................................

.......................................................................................................................................................

.......................................................................................................................................................

....................................................................................................................................................... 

ΙΙ. Experiment Implementation 

Open the virtual electric circuit laboratory in your computer and perform the experiment you 
designed above. Follow the steps described, record and process your measurements, report the 
results and state your conclusion below. 

.......................................................................................................................................................

.......................................................................................................................................................

.......................................................................................................................................................

....................................................................................................................................................... 

Does your conclusion agree with your prediction? If not, why is there a discrepancy? 

.................................................................................................................................................. 
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UNDERSTANDING THE EFFECT OF MICROORGANISMS 
ON HUMAN HEALTH: A DIDACTICAL PROPOSAL FOR 

SCIENCE EDUCATION 
Ana Carvalho1, Cecília Guerra2 
1Aveiro University, Aveiro, Portugal 

2CIDTFF – Aveiro University, Aveiro, Portugal 
Understanding the effect of microorganisms on human health is essential to change people's 
thoughts and hygiene habits. This educational goal becomes even more significant nowadays, 
due to the global pandemic caused by COVID-19, where day-to-day citizens’ hygiene practices 
have become even more relevant for public health. Furthermore, science teachers take on a 
special role in promoting teaching and learning strategies. They also provide resources that 
raise students’ awareness of this theme. The didactic sequence “Effect of Microorganisms on 
Human Health”, designed and evaluated during a Research and Development (R&D) project, 
presented an innovative educational proposal regarding Microbiology in Natural Sciences of 
the 6th grade in Elementary Education (11 years old students). The sequence includes a set of 
activities and educational resources that study the effects of microorganisms on human health 
in an innovative way. Subsequently, to ascertain the scientific and didactic quality of the 
designed activities and educational resources, the educational contribution of the sequence was 
evaluated, through the involvement of two researchers of the scientific community: one in 
Science Education and the other one in Microbiology. The perceptions of the two researchers 
about the scientific and educational potential usability of the sequence were collected through 
an online survey and an online interview. Data analysis allowed to present and discuss the 
potentialities, constraints, and suggestions for improving activities and educational resources 
from a scientific and educational point of view. Thereby, it is intended with this article: i) To 
present a didactic sequence that integrates didactic activities and resources on Microbiology; 
ii) Discuss the potential contributions of activities and educational resources proposed at the 
level of students' awareness of the effect of microorganisms on human health. 
Keywords: Health Education; Science Education; Teaching and Learning Sequences 

INTRODUCTION 

Understanding the effect of microorganisms on human health is relevant today, due to the global 
pandemic caused by COVID-19. Thus, this project aimed to develop (conceive, evaluate and 
improve) a didactic sequence entitled “Effect of Microorganisms on Human Health” (EMiSH), 
with the purpose of contributing to the improvement and / or educational innovation of a context 
of the 2nd cycle of basic education with the (lack of) awareness of Natural Sciences students in 
the 6th year of schooling about the effect of microorganisms on human health. 

The educational problem was identified in a class of the 6th grade, during the phase of 
characterization of the educational context, where it was possible to observe the students’, 
behaviors regarding to food preservation habits (eg ways of storing and transporting food to 
school), verifying that some students had healthy habits (ex. use of thermal bags), while other 
revealed unhealthy habits (ex. such as the identification of spoiled food in the backpack). In 
view of this situation, it was considered essential to address some problems related to 
inadequate food conservation, motivating them to learn about the importance of food 
preservation in preventing diseases due to microorganisms, as well as making a more 
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comprehensive approach to related topics with health education, associated with the contents 
of the Microbiology area. 

Taking into account the educational problem and the purpose of the study, a research question 
was established for the project to be carried out: How the teaching and learning activities of 
microbiology conceived within the scope of the didactic sequence, may contribute to an 
awareness of 6th grade students about the effect of microorganisms on human health and, thus, 
for the development of their skills? 

It is considered essential that children are aware of this issue, due to the topicality of the topic. 
However, due to COVID-19 and the changes that were necessary to be made during the 
Supervised Pedagogical Practice intervention period, it was not possible to implement the 
sessions with the students. 

THEORETICAL FRAMEWORK 
Schools, in general, and science teachers, in particular, should develop health education projects 
with the purpose of promoting impact on students’ health behaviors (e.g., conservation of food 
in their school bags). In fact, due to different social circumstances of students (e.g., lack of 
parents’ and family health literacy), school ends up having an important role on changing 
children’ behaviors (e.g., improvement of children’ health literacy) (Esteves & Anastácio, 
2010). In this way, it is considered that it would be pertinent to link health education with the 
contents to be addressed during the current academic year, in the discipline of Natural Sciences, 
with the 6th grade. Also taking into account the educational problem, it was decided to link 
health education with microbiology. 

In Portugal, science teachers can address, in a flexible curricular way, “The impact of 
microorganisms in human health” theme in “Natural Sciences” subject in Elementary 
Education. During the school year of 2019/2020, an in-service science teacher has identified an 
educational problem, during the characterization of the educational context at the 6th grade (a 
class of 27 students with ages between 10 and 11 years old). Specifically, it was possible to 
observe the students' behaviors regarding to food conservation habits (e.g., food storing and 
transportation to school). Some students had healthy habits (e.g., use of thermal bags to carry 
their food), while other revealed unhealthy habits (e.g., existence of spoiled food in the 
backpack) (Carvalho, 2020).  

Microbiology is considered, according to Bernardi (2019), as the scientific area that studies the 
role of microorganisms in the world, especially when it comes to society, the human body and 
the environment. Microorganisms are considered a set of microscopic-sized organisms that 
inhabit diverse ecosystems and have a wide variety of shapes, sizes and functions. Gonçalves 
(2012) distinguishes two types of microorganisms: useful and pathogenic. The useful 
microorganisms do not cause disease and, in addition to their usefulness in food production, are 
also useful in health promotion and in medicines and vaccines production. On the other hand, 
pathogenic microorganisms can cause diseases, of greater or lesser severity, according to the 
resistance characteristics of the host. Mafra and Lima (2012) state that students tend to consider 
that microorganisms represent the only cause for diseases appearance. This image that students 
have of microorganisms must be (de)constructed and, therefore, it was considered that it would 
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be relevant to address the alternative conceptions (Martins et al., 2007) of students about the 
effect of microorganisms on human beings. In addition to these concepts, it was considered 
essential to integrate activities that included practical, laboratory and experimental work 
(Martins et al., 2007), as well as the involvement of the scientific community (Espada, 2007). 

It should be noted that the participation of the scientific-technological community in school is 
one of the best ways to develop scientific skills, which was what was intended to be done 
through the presence of a professional in one of the sessions of the didactic sequence (Espada, 
2007). The promotion of contact between the school and elements of the scientific community 
is becoming more common, as it is one of the best ways to develop scientific skills and adequate 
conceptions about science and it is also known that, due to their experience, scientists are in a 
crucial position to help science education at school (Seabra & Vieira, 2016). 

In this project, in addition to integrating elements of the scientific community in one of the 
sessions of the didactic sequence developed, they were also integrated in the evaluation phase 
of the project, in which it was possible to collect their positive and/or negative perceptions at 
the didactic and scientific knowledge about the didactic sequence and its resources. This was 
crucial in order to develop the best and most appropriate didactic sequence and so that it could, 
in this way, be adopted and adapted, in the future, by other science teachers. 

METHODOLOGY 

A research and development (R&D) methodology (Wang & Hannafin, 2005) was adopted to 
develop an artfact – the activities and resources integrated on the didactic sequence EMISH 
“Effect of Microorganisms on Human Health”. By an interactive process of design, testing and 
evaluation process, the EMISH sequence was developed during two R&D phases: first phase – 
conception of the activities and resources (Table 1); second phase - scientific and didactic 
evaluation of the didactic sequence with the participation of two researchers of the scientific 
community (one from Microbiology and other Sciences’ Didactic).  

Due to the pandemic state caused by COVID-19 in Portugal, it was decided to adapt the 
activities for Distance Learning, taking advantage of the circumstances of Basic Education in 
Portugal (Assembleia da República, 2020) and, thus, the first three sessions were designed to 
be implemented in classroom teaching and the last three for distance learning. All sessions 
focused on the teaching and learning of Microbiology, taking into account the essential learning 
foreseen for the 6th year in the discipline of Natural Sciences. 

Table 1 - Didactic sequence session, duration and resources (https://youtu.be/5rPRMqIeMpg). 

Session Duration Description Resources/materials 

1. “What do I 
think about…?” 

50 min. Survey of students’ previous ideas on the 
themes: pathogenic and useful 
microorganisms; food preservation and 
vaccine; use of antibiotics and over-the-
counter medications. In this activity i tis 
also intended to proceed to to the 
identification and reconstruction of the 
students’ alternative conceptions. 

Record sheet of the responses 
of each student; 

Diagnostic evaluation 
questionnaire carried out 
through the Typeform 
platform. 
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 “Exploring bread 
molds” 

80 min. Conducting and experimental activity 
related to the importance of 
microorganisms (fungi) in food 
preservation (bread). 

Experimental activity 
planning letter; 

Materials for carrying out the 
experimental activity. 

3. Molds in detail 20 min. Observation of the results obtained 
through the experimental activity, under 
the optical microscope and realization of 
some questions about what is observed. 

Slices of bread resulting from 
the experimental activity; 

Microscopes. 

4. “What do you 
do for diseases due 
to 
microorganisms?” 

30 min. Research and selection of information and, 
subsequently, preparation of a bookmark, 
according to the information collected and 
selected, through na autonomous work, in 
pairs. 

Guidance for self-
employment; 

Materials for the preparation 
of bookmarks. 

5. “How can I 
prevent myself?” 

30 min. Viewing a vídeo from a Microbiology 
professional about and experimental 
activity related to the importance of proper 
hand washing and carrying out a task. 

Video of a Microbiology 
teacher. 

6. “What did I 
learn about…?” 

20 min. Assessment of students’ learning after the 
didactic sequence (the questionnaire will 
be the same as that applied in the activity 
“What do I think about…?”). 

Guide for autonomous work; 

Final evaluation questionnaire 
carried out through the 
Kahoot! platform. 

 

The evaluation was caried out by two elements from the scientific community – one from 
Microbiology (assistant professor in a Portuguese public higher education institution) and other 
in the area of research in Science Didactics (mentor involved in the "design" phase of the 
didactic sequence) – were involved due to their specific scientific knowledge and expertise in 
educational projects. Their collaboration in the evaluation process (phase 2), through an inquiry 
process (online survey and individual interview) allow to collect and analyze the positive and/or 
negative perceptions about the didactic sequence EMISH and to ensure the identification of 
problems and, consequently, necessary improvements.  

Data was analyzed through content analysis which, according to Bardin (2016), is a technique 
that has the purpose of interpreting communications and serves to explore, for example, answers 
to open questions whose content is quickly evaluated by themes. This data was collected 
through the techniques and instruments presented in Table 2. 

Table 2 – Techniques and instruments used for data collection. 

Techniques Instruments Moments of use R&D phases 

Observation Researcher’s diary During all moments of contact, 
synchronously and asynchronously. 

Conception 

Inquiry Questionnaire Performed by the researchers, at the time 
of evaluation of the didactic sequence. 

Evaluation and 
refinement Interview 
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RESULTS 

Results have shown potentialities, constraints, and improvement suggestions of the sessions 
developed within the didactic sequence EMISH. Concerning the potentialities, both external 
researchers (Microbiology and Didactic of Sciences) have agreed that: i) the activities and 
resources were elaborated in an appropriate way to fulfill the curricular learning objectives to 
Elementary Education (6th grade); ii) the didactic sequence has the potential to contribute to 
the students' awareness of the effects of microorganisms on human health. Regarding the 
constraints, results have shown that it was necessary to carry out several reformulations (e.g., 
reformulate some aspects to avoid teaching by transmission). Finally, regarding to suggestions 
for improvement, some were listed by the researchers, divided into suggestions for improving 
potential (e.g., clarification of aspects related to the implementation of the sessions) and 
suggestions to minimize constraints (e.g., adaptation of instruments evaluation). These results 
are presented in more detail in Table 3. 

Table 3 – Evaluation of the didactic sequence by the researchers. 

Potentialities Constraints Suggetions for improving 
potencialities 

Suggestions for 
minimizing constraints 

- Presentation of the 
didactic sequence; 

- Relevance of the theme at 
this and other levels of 
education; 

- Suitability for the age 
group; 

- Adequacy from the 
didactic and scientific point 
of view; 

Relevance for raising 
awareness about the theme; 

- Existence of two different 
teaching modalities; 

- Contextualization in 
everyday situation (eg 
COVID-19); 

- Use of different 
educational resources; 

- Innovative character of 
the proposed sessions (eg 
involvement of the 
scientific community).  

- Need to clarify 
aspects in the 
presentation 
document of the 
didactic sequence; 

- Need for 
reformulations and/or 
improvements in 
aspects of a didactic 
and scientific nature. 

- Clarification and 
reformulation / 
improvement of aspects in 
the document sent with the 
presentation of the didactic 
sequence; 

- Clarification and 
reformulation / 
improvement of didactic 
and scientific aspects; 

- Clarification of aspects 
related to the 
implementation of the 
sessions (eg explaining if 
the sessions were 
implemented); 

- Inclusion of other 
activities (eg debate on 
vaccination).  

- Clarification and 
reformulation / 
improvement of aspects 
in the document sent with 
the presentation of the 
didactic sequence; 

- Clarification and 
reformulation / 
improvement of didactic 
and scientific aspects (eg 
transmission teaching 
characteristics); 

- Adaptation of 
assessment tools; 

- Reformulation / 
improvement of scientific 
language (eg. 
classification of viroses 
and prions as living 
beings). 
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FINAL CONSIDERATIONS 

With this study it was possible to ascertain the potential and constraints of a didactic sequence 
that focuses on the topic of Microbiology in the 6th grade. All aspects mentioned by the experts 
were analyzed and allowed changes to be made in the didactic sequence. The final version of 
the EMiSH sequence can (and should) be implemented by science teachers with 6th grade 
students, to assess the impact of activities on their awareness of the effects of microorganisms 
on citizens' health.  

It is concluded that the didactic sequence EMiSH has the potential to contribute to the awareness 
of the effects of microorganisms on human health, it was elaborated in an adequate way and, in 
a global way, it allows to fulfill the objectives that were intended to be achieved with its 
development. Thus, this didactic sequence can be adopted and / or adapted by other teachers, 
in order to contribute to the formation of citizens aware of the role of microorganisms in human 
health. 

With regard to suggestions for future research, it is considered essential that the didactic 
sequence presented is implemented in a real classroom context, since only in this way will it be 
possible to evaluate the impact of activities on students' learning. taking into account the 
students' previous ideas on the theme and to make adaptations according to the characteristics 
of the context where the didactic sequence will be implemented. In addition, it is recommended 
that other activities be created, which may be in accordance with the suggestions that were 
mentioned by the researchers who participated in this study, or others that are considered 
relevant. 

As a final reflection, it is expected to contribute to the sustainability of the research path carried 
out, advancing in the field of science didactic research that has been concerned, among other 
aspects, with the resolution of significant educational issues for actors and systems, aimed at 
the sustainability of research. 
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A central concern of promoting scientific literacy is that students acquire scientific knowledge 
and are enabled to apply it to issues and questions arising in quotidian life to take impartial 
well-justified decisions. However, identifying and competently evaluating scientific problems 
requires of them a high degree of specialist knowledge and methodology. One issue that plays 
a significant role in students’ everyday lives is consuming of alcoholic cocktails/long drinks. 
However, alcohol is addressed within the school curriculum solely in terms of its chemical 
composition, and only the very general effects of alcohol consumption are studied. Thus, the 
fundamental subject-specific scientific and methodological aspects of alcoholic long drinks are 
dealt with superficially, if at all. This paper describes an international interdisciplinary project 
to develop teaching innovation in the curriculum areas of Chemistry and Nutrition/Consumer 
Education. Its aim is that, through proactive experimental engagement with NMR spectroscopy, 
students will become acquainted with and independently apply one of today’s cutting-edge 
scientific research methods. In addition, we aim to improve their evaluative competencies based 
on scientific evidence by addressing a topic close to their personal experience, which will, in 
turn, enable them to make well-considered decisions about leading their lives responsibly. To 
achieve this, a non-formal learning environment, the extracurricular ‘ELKE’ laboratory, has 
been set up on the ‘Design-Based Research’ model. The paper presents the concept of this 
teaching innovation along with the Design-Based Research process. 
Keywords: Interdisciplinarity, Teaching Innovations, Non-formal Learning Environments 

INTRODUCTION 
A Google search of German-language websites with the term ‘Long Drink’ generated almost 
two billion hits (1,960,000,000 on 13 January 2022), including numerous recipes for making 
them at home. The search produced a vivid snapshot of the cultural popularity of these blends 
of high-proof spirits such as vodka, gin and whisky with ‘mixers’ such as fruit juice or 
carbonated drinks. According to a study by the European Food Safety Agency (Zucconia et al., 
2013) young people are especially attracted to alcoholic long drinks containing energy drinks 
that can pose a cardiovascular health risk (Peacock et al., 2014). As alcoholic long drinks play 
a significant role in young people’s everyday lives within their peer groups, and as these drinks 
are heavily advertised, it is hard for them as consumers to make well-considered and, preferably, 
health-promoting decisions. Therefore, the school curriculum should include activities that 
foster young people’s evaluative and decision-making competences, especially concerning 
alcohol as a stimulant and addictive substance (Inchley et al., 2020). Against the background of 
research in foodstuffs, biochemistry, and nutritional sciences, it is nevertheless plain that more 
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complex, qualitative, quantitative, and analytic methods are needed to shed light on the 
ingredients of alcoholic long drinks and their chemical structures. One mainstay of such 
analysis is nuclear magnetic resonance (NMR), widely used in food profiling (Lamanna, 2013). 

DESIGN OF AN INTERDISCIPLINARY TEACHING INNOVATION 
Based on the theoretical findings and systematic research, the ‘NMR for food profiling - Long 
Drink, Short Experiment’ project was set up to engage with the issues of alcoholic long drinks 
at theoretical, experimental, activity-based, and interdisciplinary levels. By participating, 
students were to be systematically motivated to identify the ingredients of alcoholic long drinks, 
understand their effects on their bodies and, based on the scientific knowledge of the long drinks 
they had acquired, helped to improve their critical faculties regarding advertising claims about 
such drinks while assessing and reflecting how on they impinge on their own lifestyles. In this 
sense it is expected that they will acquire competences in science-based decision-making and 
evaluation, something which is not only a shared aim of Nutrition and Chemistry teaching but 
also represents a crucial component of consumer literacy and scientific literacy (Moore et al., 
2015; OECD, 2009; Holbrook & Rannikmae, 2009). Conversely, consumer literacy and 
scientific literacy are fundamental prerequisites for proactive participation in shaping one’s own 
community and creating a sustainable society (Angele, 2017). However, the didactic challenges 
of devising such a project are multifarious; an interdisciplinary approach is vital to address this 
many-faceted topic (Aikenhead, 1985). Thus, the question arises of what proportions of theory 
(in the sense of basic scientific knowledge from the various subject disciplines), applied theory 
(the transfer of subject specialist and interdisciplinary knowledge to the problems of one’s 
lived-in world) and praxis (understood here to be the implementation of scientific methods of 
knowledge acquisition such as the experiments around NMR spectroscopy) are appropriate 
within such a learning experience. Especially in the light of nutrition-related issues, it is also 
crucial to observe the principle of multidimensionality. In particular, when aiming to develop 
students’ evaluative competence. 

As the proposed project constitutes a new concept of subject content and methodology in the 
field of cross-disciplinary didactics, it will be elaborated in the spirit of Design-Based Research 
(Euler & Sloane, 2014). The aims are: to create an interdisciplinary learning environment within 
the practical setting of the students’ laboratory; to examine its specific applications; and to 
develop the concept further. Such an iterative approach facilitates systematic configuration, 
implementation, and validation, i.e., ongoing re-design of the teaching innovation. In this sense, 
the interdisciplinary learning environment can be progressively developed, optimizing support 
for students in acquiring the desired evaluative and decision-making competences for a healthy 
and sustainable lifestyle (Marchand, 2015, Aikenhead, 1985). Particularly in the light of today’s 
complex and ever-changing social challenges, promoting students’ knowledge-based evaluative 
competence in the field of nutrition issues is a lifelong learning task: enabling people to strike 
a well-founded balance between consumption of, and abstention from, alcoholic long drinks 
(Inchley et al., 2020). 
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CONCEPT OF THE INTERDISCIPLINARY TEACHING INNOVATION 
– FIRST STEPS OF THE DESIGN-BASED RESEARCH PROCESS 
The interdisciplinary concept is still in the early stages; so far, just the first design steps of the 
Design-Based Research process have been taken. The first practical trials (implementation) are 
currently taking place, whereby no final evaluation data is as yet available.  

Starting from a practical problem (the Problem Statement) and taking into account the 
theoretical context (Theory), a learning structure/concept will be devised in consultation with 
specialist scientists, subject didactic specialists and experienced teaching practitioners 
(Design), trialled with school students (Implementation), evaluated according to aims 
achievement (Analysis) and developed further on the basis of ongoing findings (Re-Design) 
(see fig.1). 

 
Figure 1. Design-Based Research Process, figure according to Fraefel, 2014. 

Such an iterative and cyclic procedure facilitates the successive elaboration of a learning 
structure that will, when complete, solve the presented initial problem in a didactically 
appropriate way and foccus on a specific learning objective. Concurrently, theories to 
substantiate the didactic concept may be deduced, and implications for new theories formulated 
at every stage. In this sense, the chosen research approach aims to determine: “how to improve 
education and learning in authentic educational settings … Further, that explicit goal becomes 
a day-to-day reference point for collecting and analyzing data, for making modifications to the 
intervention ..., and at the end of the investigation for determining the extent to which progress 
has been made (REINKING & BRADLEY, 2008, 19)” (Euler, 2014, 17). The following account 
offers detailed insights of the first stages of the Design-Based Research process. 

Starting Point: The Problem Statement 

As far as school praxis is concerned, Chemistry teaching and Nutrition and Consumer 
Education both address the thematic complex ‘foodstuffs’, e.g., alcoholic long drinks, but 
independently, from different points of view, and with different emphases. While Chemistry 
lessons concentrate on examination and analysis of constituent substances, Nutrition Education 
focuses on the provision and consumption of foodstuffs and their effects upon the human body. 
Thus, knowledge is acquired in isolated fragments while interrelationships remain not perceive. 
This is where the project intervenes: combining the two approaches to close gaps in school 
education, addressing modern scientific analysis and its relevance to social and individual 
consumer habits (see fig. 2). 

Theory Implications for Theory

Analysis

Implementation

Design Re-Design

Problem
Statement
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Figure 2. Overview of the project Problem Statement. 

The project aims to promote school students’ scientifically-founded evaluation competencies 
by establishing clear and appropriate connections between their scientific and consumer 
literacy. Through the transfer of the evaluative competencies thus acquired to other socially 
significant problems, especially in the longer term, the project can enhance the scientifically-
based and responsible participation of pupils in broader society. 

Theory 

As described above, scientific literacy and consumer literacy enhance pupils’ ability to make 
science-based decisions that are important for their active participation in society (e.g., 
Holbrook & Rannikmae, 2007; Marks, Stuckey & Eilks, 2014; Hofstein, Eilks & Bybee, 2011). 
Looking at the objectives of science literacy and consumer literacy, both subject matter and 
analytic methods are relevant; the specific topic, ‘alcoholic long drinks’, plays a significant role 
in young people’s everyday life and youth culture (e.g., Zucchonia et al., 2013; Peacock et al., 
2014; Inchley et al., 2020). Furthermore, NMR spectroscopy presents a cutting-edge scientific 
research method; pupils become acquainted with this fundamental technique within organic and 
biochemistry and understand its applications in food profiling (e.g., Lamanna, 2013; Bonjour, 
Pitzer & Frost, 2015; Bonjour et al. 2017). Inasmuch as non-formal learning environments (an 
extracurricular student laboratory) are used, it is possible to employ different detection methods 
(qualitative and quantitative) and also to conduct multifaceted experiments that can place issues 
and problems in a broader context (hands-on experience with NMR). 

Design 

To facilitate the appropriate didactic embedment of the learning experience, an established non-
formal learning environment, ‘ELKE’, was used (Gross & Pawlak, 2020). The German 
acronym ‘ELKE’ stands for experimenting (German: “Experimentieren”), learning (German: 
“Lernen”) and acquiring competences (German: “Kompetenzen Erwerben”); ELKE is both a 
conventional student laboratory and a teaching/learning lab for pre-service chemistry teachers. 
As a student laboratory, ELKE not only invites participating students to places where real 
research is happening and thus brings them together with professional research chemists but 
also, through its competence-oriented educational ethos and curriculum-related topics, offers 
learning-effective networking with regular school lessons. With the ‘NMR for food profiling – 

Foodstuff analysis (ingredients 
of long drinks)

Provision, consumption, and 
effects of alcoholic long drinks

NMR for food profiling

Competences in science-based
decision-making

Fostering scientific and consumer literacy

Chemistry Education Nutrition and Consumer
Education
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Long Drink, Short Experiment’ project, the out-of-school lab ELKE was for the first time 
extended to host an interdisciplinary learning programme specifically for senior high school 
students and pre-service teachers. Furthermore, ‘Long Drink, Short Experiment’ is especially 
suited to implementation as an interdisciplinary project day in the ELKE lab because here it is 
possible to carry out not only qualitative and quantitative detection methods but also 
multifaceted experiments that can place issues and problems in a broader context. In this sense, 
a multidimensional approach to the topic of alcoholic long drinks can be created, capable of 
supporting students in the development of discerning evaluative skills founded in 
multidisciplinary knowledge. The actual project day is divided into six steps comprising both 
theoretical and experimental phases (see fig. 3). 

 
Figure 3. Procedure of the project day, which consists of both introductory and elaborative theory phases 
as well as practical-experimental laboratory work. 

The first devising stage addressed the question of how the topic could be prepared to appeal 
directly to pupils. After comprehensive literature research and collecting ideas, subject 
specialists came up with the idea of setting the focus on a specific cocktail/long drink and its 
varying ingredients within the scenario of a tragic accident (Groß, Kurzbach & Angele, 2020). 
The refined idea was subsequently discussed with both scientific experts (e.g., with regard to 
the questions: How, and to what extent, can the topic be purposefully addressed with the help 
of qualitative experiments? What – else – can the NMR spectroscopy analytic method deliver 
on this topic?) and with teaching practitioners (e.g., with regard to the questions: How much of 
the topic be addressed, and in what depth, on the basis of pupils’ prior knowledge acquired in 
Chemistry and Nutrition lessons? Which practical – differentiating – support mechanisms have 
to be devised and scheduled, so that pupils can develop a scientific understanding of the 
issues?). As a result of this initial design stage, during which possible experiments and NMR 
measurements were also carried out, the concept was adapted and amended; the focus was 
broadened to include analysis of various cocktails/long drinks to reinforce the real-world 
relevance. Concurrently, this expansion made it possible to devise variable and differentiated 
tasks within the interdisciplinary learning programme. Finally, the framework scenario was also 
adapted to reflect the findings of discussions between the various professions: The pupils were 
to assist Chemistry students in identifying the long drink, Vodka Red Bull, from among 10 
different cocktails/long drinks. Thus the main question for the project day was posed as: “Which 
of the 10 ‘mystery’ samples is Vodka Red Bull?” (Introduction). In the first Lab Phase 
(Qualitative Analysis) pupils are given a reference sample of Vodka Red Bull and, on this basis, 
examine the 10 ‘mystery’ samples, initially using qualitative detection methods to identify 
possible ingredients (see fig. 4). 
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Figure 4. Qualitative investigation of the 10 unidentified samples, and findings of the first laboratory phase; 
Vodka Red Bull, the reference sample, is in bold type; in brackets, and not revealed to the pupils, are the 
names of the cocktails/long drinks. 

By comparing with the Vodka Red Bull reference sample (fig. 4, 2nd row, in bold type), the 
pupils can exclude seven samples by means of qualitative analysis (fig. 4, white background). 
As the remaining three samples (fig. 4, blue background) cannot be distinguished using 
qualitative experiments, another analytic method is needed: NMR spectroscopy. To prepare 
them for the second lab phase, pupils are introduced to the essentials of NMR spectroscopy 
(such aspects as how NMR works and interpreting NMR spectra) and to its importance in food 
profiling (first Analysis Conference). They then measure the spectra of the three remaining 
samples (second Lab Phase). To enable them to interpret the three spectra, pupils are given the 
spectra of their possible ingredients (among them: vodka, rum, lime juice, caffeine, saccharin, 
Red Bull). Pupils then compare the spectra of the individual ingredients with those of the three 
unidentified samples. In this way they first find out which ingredients appear in each sample. 
Referring to a cocktail recipe book, they can then determine which three cocktails/long drinks 
they are dealing with, and thereby clearly identify the Vodka Red Bull that they have been 
seeking (see fig. 5). 

 

 

 

 

 

 

Figure 5. 1H-NMR spectra of Vodka Red Bull (left) and 1H-NMR spectra of different ingredients (right). 

The second Analysis Conference broadens the field of investigation; pupils use the cocktail 
recipe book to gather further information about quantities and ratios of ingredients, and the 
alcohol / energy content of various cocktails/long drinks. While the experimental phase of the 
learning environment had foregrounded pupils’ technical and factual learning, this new 
knowledge provides the basis for addressing the topic in the spirit of scientific and consumer 

Cocktails resp. Long Drink Colour
Test with
Fehling‘s
solution

Protein Ethanol

Vodka Red Bull
(reference sample) 

brown/
yellow (p)

positive  
(p)

negative 
(n)

positive 
(p)

sample 1 (sugar-free Red Bull) p n n n

sample 2 (Mojito) p p n p

sample 3 (Whiskey Sour) p p p p

sample 4 (Pina Colada) n p p p

sample 5 (Vodka Red Bull)
(sample requested)

p p n p

sample 6 (Bloody Mary) n n n p

sample 7 (Vodka Wellness) n n n p

sample 8 (Cuba Libre) n p n p

sample 9 (Swimming Pool) n p p p

sample 10 (Vodka Club Mate) p p n p

Vodka Saccharose Red Bull 
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literacy (Discussion: Argumentation and Reflection); using pupils’ discoveries during the 
laboratory and analysis phases and the declarative and procedural knowledge thus acquired, the 
discussion phase aims to reflect through dialogue on the real-life relevance of the problem-
solving task in a multidimensional context. For this, referring to the laboratory journal that 
accompanies pupils throughout the learning environment and is specifically designed for this 
phase according to the principle of a decision-making diary (Schmitz & Reiners, 2021), various 
cues for reflection in four dimensions (Angele et al., 2021) are offered and discussed with 
pupils: in the first dimension, ‘Nutrition’, pupils reflect on the qualities and quantities of the 
cocktail/long drink ingredients and ways in which they can be identified. In the second 
dimension, ‘People’, pupils closely address the effects of these ingredients on the human body 
and assess them with regard to people’s health. Finally, pupils work on aspects of the cultural 
significance of consuming alcoholic long drinks in various social contexts (the third dimension, 
‘Social Environment’) and also on aspects of the natural resources needed for the manufacture 
of and trade in alcoholic drinks (the fourth dimension, ‘Physical Environment’). Bearing in 
mind the overall aim of the learning environment, these structured cues for discussion and 
reflection should enable pupils not only to apprehend the scientific background and concomitant 
social controversy surrounding the important theme of alcoholic consumption in all its 
complexity but also to develop a well-founded i.e., responsible and situational attitude to 
alcohol as a consumer product, for themselves and society as a whole. In this way, it may be 
expected that an intense reflective process is initiated among the pupils, one that will lead them 
to develop decision-making competences for a healthy and sustainable lifestyle and thereby 
promote both scientific and consumer literacy. 

Implementation 

The first trials of the ‘NMR for food profiling – Long Drink, Short Experiment’ project day are 
currently being run with senior high school pupils. The process is accompanied by evaluation 
based on qualitative research design criteria. In the spirit of the Design-Based Research 
approach, the aim is to elaborate and improve the interdisciplinary learning environment in an 
ongoing, iterative process in order to achieve the projected aim – to promote pupils’ knowledge-
based decision-making competences. To gather significant insights for further development, the 
first design phase is examined both with regard to the fundamental practicability of the 
innovative learning environment and with regard to possible organisational and content-related 
amendments and improvements, along with considerations of its learning effectivity for 
participating pupils i.e., whether and to what extent the promotion of knowledge-based 
decision-making competence can be achieved in this way. To this end, the project day activities 
were observed by participating researchers, and both pre-structured interviews and semi-
standardised questionnaires were employed to gather views from supervising teachers and 
participating pupils. Including various survey instruments and points of view in the research 
methodology produced a methodological triangulation that, at the content-related level, should 
make it possible to access diverse aspects of the interdisciplinary learning environment. 
Acquiring such data is, ultimately, the prerequisite for the first comprehensive evaluation of the 
learning environment – an evaluation that, from this first design cycle, can offer insights 
regarding its content-related, methodological and organisational suitability but also of the 
(learning) effectivity. 
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Re-Design 

Once the acquired data have been evaluated, the key findings will be discussed with the various 
stakeholders (specialist scientists, subject didactic specialists and experienced teaching 
practitioners), followed by adaptation of various elements of the interdisciplinary learning 
environment, which are in turn trialled with pupils. In this sense, it can be expected that, through 
this iterative, cyclic, approach, not only the suitability of the overall learning environment will 
constantly improve, both in terms of its aims focus and of meeting pupils’ needs, but also that 
new research data will be continually generated that can be used both for the concluding 
theoretical appraisal and for fundamental theoretical deliberations on the basic underpinning 
for innovative didactic concepts. 

SUMMARY AND OUTLOOK 
The research-based development of an interdisciplinary learning programme on the real-life 
topic of ‘alcoholic long drinks’, following a Design-Based Research approach, establishes a 
connection between scientific and consumer literacy within the learning framework, one that 
both motivates pupils and encourages them develop cross-curricular ‘joined-up thinking’. The 
interdisciplinary didactic approach devised for this topic is transferable to other sociologically 
relevant issues that, in their complexity, also demand a multifaceted approach (e.g., diverse 
consumer choices on such criteria as sustainability, climate change etc.). The prerequisite of 
acquiring knowledge-based evaluative competences is multidisciplinary knowledge that must 
be didactically developed in all its complexity if it is to serve as the firm foundations of a 
logically justified weighing-up of objective arguments and thereby as the starting point for well-
considered decisions of personal and societal relevance. To this extent, the project described 
here can offer examples of didactic praxis when the matter in hand is to devise, through 
research, interdisciplinary learning environments on the burning issues in society in all their 
complexity, using a problem-solving approach that takes account of the relevant curricular 
content in an innovative and research-based manner and leads to tangible solutions and/or 
judgements. 
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Energy is an important topic in middle as well as in high school. Although the understanding 
of the energy concept is crucial for describing and explaining phenomena, school instruction 
often fails to transmit and ensure a profound understanding of energy. To address this problem, 
the energy field approach develops and evaluates a teaching-learning sequence which 
combines energy with the concept of fields by tracing back traditional energy forms to only 
two: kinetic and field energy. The emerging concept is based on empirical evidence about 
students’ misconceptions as well as didactical reconstructions of scientific content, leading to 
so called concept (or core) ideas. These ideas are evaluated and re-designed by conducting and 
subsequent qualitative analysis of teaching experiments as they represent the essence of the 
teaching-learning sequence. Already two cycles of (re-)designed sequences have been 
conducted and evaluated with 6 and 7 students, respectively. The results are promising and 
give information about learning obstacles as well as benefits of the approach. 
Keywords: energy instruction, design-based research, teaching learning sequence 

INTRODUCTION 
Energy is one of the crosscutting concepts (see also NGSS of the National Research Council, 
2021) in physics as well as in physics education not only in Austria. It has great relevance for 
describing and explaining phenomena from a scientific perspective. However, several studies 
indicate that despite its global character as one of the big principles in science, students have 
problems with learning about energy and especially energy conservation (see e. g. Driver & 
Warrington., 1985; Nordine et al., 2019). Although there are several approaches being 
developed at the time to address this problem, a valid and evaluated way for teaching this topic 
has yet to be discovered and manifested. In that sense, the presented project, the energy field 
approach (EFA), challenges the task to find a more effective approach to energy instruction by 
developing and evaluating a teaching concept for energy instruction at the end of Austrian high 
school (grade 12). The poster presented on ESERA Conference 2021, and hence this article, 
presents the basic ideas of the concept as well as the first two steps of (re-)design and evaluation. 

BACKGROUND 
The following selection gives a brief outline of the most important difficulties and basic ideas 
of energy instruction as well as the starting point of the presented project. 

Traditional energy instruction usually focusses on teaching various energy forms like kinetic, 
potential, electrical, chemical, solar or nuclear energy, just to mention a few. Instruction in this 
way requires the students’ ability to interpret and connect all these forms in order to understand 
the underlying concept which shall lead to a sound understanding of energy conservation.  
Although the idea of splitting the originally unitary entity of energy into forms is supposed to 
be useful, simple and practical when talking about phenomena from an energy perspective, 
evidence shows that this is not the case. Students seem to have problems understanding the 
concept of energy in this way (Nordine et al., 2019). For instance, students often struggle with 
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making connections between different forms of energy and misunderstand that energy forms 
are not conserved themselves but only energy in total (Nordine et al., 2011). This obstacle seems 
to be reflected also in the fact that students often struggle with understanding the role of 
potential energy as a system property as well as the benefits of arguing from an energy 
perspective in problem solving and, hence, seldom use energy ideas when trying to explain 
phenomena. Researcher sometimes criticize that introducing energy forms only is a re-phrasing 
or re-labelling of the same thing (Swackhamer, 2005).  This confusing terminology of not well-
defined terms (i. e. forms) of energy seems to lead to learning blackboxes rather than 
understanding what energy actually is (Nordine et al., 2011; Nordine et al., 2019; Quinn, 2014). 
All these problems leads to the conclusion that students do not reach the desired level of 
understanding of energy as an important and powerful crosscutting concept and, hence, the 
traditional course of energy instruction by introducing different forms (via force, work, golden 
rule) seems not to be the best way. For a brief overview of the most relevant problems in energy 
instruction see e. g. Nordine et al. (2019). 

Therefore, in order to find a more effective and fruitful way to teach energy, several approaches 
exist that combine the abstract concept of energy with the concept of fields for the sake of 
framing traditional (especially potential) forms of energy (see Fortus et al., 2019; Nordine et 
al., 2019; Rückl, 1991). The energy field approach aligns with this idea and merges traditional 
forms to only two: energy in movement (kinetic energy) and in fields (all forms of potential 
energy). This way, energy can be treated more as an underlying global concept (Quinn, 2014). 

THE ENERGY FIELD APPROACH 
The energy field approach (EFA) is based on the knowledge about difficulties above and 
combines ideas from already existing curricula to develop an approach that provides an 
interdisciplinary valid and useful concept for energy instruction on the high school level. The 
following paragraph gives a brief insight into the main features and concept ideas of the EFA 
which are obtained in the process of educational reconstruction of energy for the EFA. Parts of 
the following description are already described in Becker and Hopf (2021). 

Basis of the EFA 

The EFA traces back different forms of energy to just kinetic and field energy as it is also used 
in the concepts of Rückl (1991) and Nordine et al. (2019).  Thereby, kinetic energy is assigned 
to moving objects with mass (not photons) and field energy is introduced to be a property of 
fields. While the former is what is already taught in school, the latter term sums up traditional 
forms of potential energy, i. e. energy in electrical, magnetic, electromagnetic, gravitational and 
nuclear fields. Thereby, the EFA covers classical fields like electrical, magnetic, 
electromagnetic and gravitational fields as well as modern fields such as nuclear fields of quarks 
and the Higgs field. 

The general field 

A key feature of the EFA is that energy is only attributed to a so called general field: Charges, 
magnets, masses and quarks are sources of respective fields (electric, magnetic or quark fields). 
Two sources (generally of one kind) interact via their fields which overlap/superpose to a so 
called general field. This field, then, stores the energy of the interaction and can take or give up 
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energy while changing in a physical process. When hearing about the concept students are 
shown a visualization of the general field following the idea of Fig. 1. Thereby, a field itself is 
depicted as a circle or ellipse due to limitations in drawing whilst students are told that fields in 
general are not restricted to a specific area. So as long as possible a field has no specific size 
and two or more fields hence can superpose. The resultant field is called the general field. 

An easy example is the acceleration of two 
close and repelling magnetic carts which 
speed up due to the repulsion. While 
accelerating, energy is transferred from the 
general magnetic field (as the superposition of 
the two magnetic fields of the carts) to the 
movement of the carts which move apart. The 
same principle applies for a falling ball, where 
energy is transferred from the general 
gravitational field (formed by the two fields 
of ball and earth, respectively) to the 
accelerating ball. Hence, within the EFA, 
energy is connected to either a moving 
massive object or a general field 
(superposition of two or more fields defined by their respective sources). 

Direction of energy transfer 

When energy is transferred, it can be transferred between fields and moving objects. Thus, 
processes can be described from an energy perspective by first looking for both, fields and 
moving objects. Since energy will be found to be in either one of those, energy conservation as 
the total of kinetic and field energy appears plausible. Furthermore, the EFA provides a simple 
but effective method to describe the energy transfer process by looking at two indicators: speed 
(of the moving parts) and distance (of the field sources). By describing changes in these 
quantities, the energy transfer can be described more easily. 

Reasoning on the energy transfer process can be supported by specifying the direction of energy 
transfer. Therefore, the general field itself plays an active role in phenomena: When two sources 
interact and a specific process happens (e. g. the ball falling), the general field changes which 
can be noticed by the distance of the sources changing (ball and earth are approaching). The 
changing field releases energy to the accelerating ball. By framing the field as an participant (in 
the sense of a changing system) and describing the processes by means of describing the 
behavior and change of the field provides two direct advantages compared Newtonian 
mechanics: First, discussing field and hence energy changes avoids discussing forces and work 
which was found to be difficult for many students (Jewitt, 2008; Neumann, 2013). Second, 
assigning an active role to the general field should increase its attractiveness and students’ 
willingness for use when reasoning about phenomena. 

 

 

Figure 16. The general field. Two sources (e. g. 
charges, magnets or masses) interact via their fields 
(single fields as red circles) and exhibit a resultant 
general field (blue ellipse). Drawing is limited despite 
the real size of the fields is ideally infinite. 
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Table 2. Traditional energy forms and equivalent EFA terms for different contexts. 

 

In addition, the general field cannot only be used when describing the release or uptake of 
energy but also for specifying the direction, i. e. whether energy is transferred into or out of the 
field. Thereby, the tendency of the general field plays an important role, which means that the 
field tends to release energy if possible. This, of course, is a rather flexible statement but which 
should help students understand in which direction a field would change if it was to behave 
“freely”. In other words, if no external forces are applied, the field (system of two or more 
sources) will change in a way such that it releases energy, i. e. sources move according to the 
forces of the interaction only. In the case of the falling ball, ball and earth approach and energy 
is released. In the case of two repelling magnetic carts, they move apart and the magnetic field 
releases energy. Of course, the other way around would mean an energy transfer into the 
respective general field (i. e. the case that work has to be done on the system by applying an 
external force to the sources). In all cases, the general field plays the role of a changing system 
whose tendency dictates the direction of energy transfer. 

Once students can understand this principle, this tendency of a general field to minimize its 
energy can be used to explain the binding of systems like e. g. atoms or nuclei. Thereby, the 
atomic (electric) or nuclear (quark) field releases energy to obtain a stable situation that exhibits 
minimum energy. The following items sum up the most important concept ideas that have just 
been elucidated: 

 Charges, magnets, masses and quarks are sources of a respective fields. 
 Two or more sources interact via their fields which superpose to a general field. 
 The general field carries energy which can be transferred from or to a moving object. 
 There is only kinetic energy and field energy. 
 The general field tends (according to its interaction) to minimize its energy: tendency of 

the field 
 The binding of atoms and nuclei is a result of this tendency of the general field. 

Table 1 lists different contexts (examples) for processes with energy transfer with the 
respective traditional energy forms and the corresponding EFA terms. 

 

 

Context Traditional energy form EFA energy term 

repelling magnetic carts magnetic energy magnetic field 

falling ball or satellite potential energy gravitational field 

slingshot & firework elastic & chemical energy atomic field 

decelerating pendulum thermal & internal energy micr. movement & atomic field 

laser cutter & solar panel electromagn./solar energy electromagnetic field 

nuclear fission/fusion nuclear/binding energy quark field 

pair production/annihilation mass Higgs field 
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Research Question 
The goal is to develop a teaching concept for energy instruction at the end of high schools. 
Therefore, the method is embedded within the domain of design-based research and based on 
the model of educational reconstruction (MER; see Duit et al., 2012). Briefly, a concept 
consisting of concept ideas and contexts is designed based on knowledge and findings about 
students’ conceptions (about energy and fields) and a clarification and reconstruction of the 
scientific content.  

To design the concept, concept ideas as well as logical connections between them and 
appropriate contexts (examples, visualizations, etc.) are constructed. Based on the MER, 
knowledge about students’ misconceptions and elements of the scientific structure of the 
selected content lead to a merged concept which takes difficulties in students’ learning into 
account. The underlying research question based on the developed concept for the EFA does 
thus ask: How do Austrian high school students understand the concept ideas of the EFA? 

METHOD 
In order to answer this question, the concept has to be evaluated with regard to clarity and 
comprehensibility of its concept ideas. Therefore, teaching experiments with students in form 
of one-on-one interviews are designed and conducted in style of the method of probing 
acceptance (Jung, 1992). In such an interview, a student receives explanations and is 
subsequently asked to rate them regarding the plausibility in order to gain information about 
the appearance of the specific idea (see Fig. 2 for scheme and Fig. 3 for examples). Afterwards, 
the student is asked to paraphrase the explanation and idea he or she just heard to see whether 
the content is easy to understand und to get information about the success of transferring the 
specific input. At last, the student is asked to transfer the idea to a task that treats a specific 
phenomenon, e. g. an accelerating satellite surrounding the earth. The goal is to observe the 

Figure 17. Scheme of the interview procedure according to Jung (1992): Explanation of the concept ideas 
by the interviewer, followed by rating, paraphrase and transfer of the explanation by the student. 
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student’s reasoning and whether he or she draws on the ideas of the EFA that were just 
presented. These three steps are repeated for every concept idea (eight in total) which leads to 
a duration of approximately 2,5 hours for each interview. Every interview is audio recorded. 

Afterwards, the interviews are transcribed from the audio recording. Based on audio and 
transcription, a qualitative content analysis according to Kuckartz (2014) is conducted. 
According to a coding manual (developed along with the interview guide beforehand), the 
students’ performances are analyzed, coded and summarized in a coding table. By interpreting 
the rating and paraphrase statements about the acceptance of the concept ideas can be 
formulated. By analyzing a student’s performance on a task (step 4), information about 
willingness and success in transferring the ideas when solving a problem, and hence, about 
benefits and obstacles of the ideas can be obtained. Therefore, the analysis provides insights 
into students’ learning and, thus, information about the difficulties and benefits of the concept 
ideas and contexts. Based on the findings and discussions with experts, suggestions for a re-
design can be formulated and implemented into a new version of the concept which then can 
be evaluated again. This establishes the second cycle of the design and re-design process of the 
design-based research approach. 

Up to now, two cycles of design, evaluation and re-design of the teaching concept have been 
performed with 6 and 7 students, respectively. This process will repeat until enough information 
about students’ learning is obtained and a satisfactory level of acceptance and comprehensibility 
is reached which means that no unexpected or new learning obstacles appear and that all concept 
ideas seem to be useful for learning about energy and fields. 

Figure 3. Examples for the steps to explain and evaluate the acceptance and understanding of specific 
concept ideas of the EFA. 
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DISCUSSION OF FINDINGS 
So far, two cycles of (re-)design and evaluation could be analysed. The data leads to numerous 
findings and insights about students’ understanding when leaning about the concept of the EFA. 
The following outline shall give a rough overview of the preliminary results. 

Aspects to be refined and re-designed 

Figure 4 illustrates the results of the first and second cycle of probing acceptance interviews 
with 6 and 7 students, respectively. Some students of the first circle seem to struggle when it 
comes to finding the correct type of field and especially to construct the general field in the case 
of less obvious fields. For example, in the case of the falling ball (first concept idea, transfer 2 
in Fig. 4), some students find it hard to think about the earth or the ball as a second field source 
and sometimes only reason with on single gravitational field instead of a general field. 
Nevertheless, hints or questions regarding this issue help students to find their way to analyse 
the whole system. 

In those cases where students struggle with reasoning using fields, they still draw on ideas from 
Newtonian mechanics instead. This happens especially, when the general field or the 
connection between general field, single fields and sources itself is not understood entirely. 

Figure 4. Coding tables (selection) for the results of the first (left) and second (right) cycle of doncuction 
and evaluation of interviews with 6 and 7 students, respectively (Si). Students’ performance is coded by 2 
(good), 1 (satisfactory with only small mistakes) or 0 (insufficient; needs a lot of help). No coding means 
missing data.  
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Then, students often argue with an ad-hoc explanation from their mechanics teaching instead 
of using the EFA concept ideas. It does also appear that some students have difficulties to get 
the direction of energy transfer right, when they do not have a clear understanding of the role 
of the general field; for instance, in the case of a satellite surrounding the earth elliptically (cycle 
2, concept idea 1, transfer 1). However, it can be observed that students are more likely to draw 
on the desired explanations when they are taught a more active role of the general field 
beforehand. This means that wordings like “the field changes”, “releases or takes energy” or 
“the field expands” seem to support a more field-based thinking in students’ minds such that 
they draw on the idea of the general field more likely. 

Another aspect that can be confusing, is the separation between kinetic and field energy in the 
cases of thermal and electromagnetic radiation, respectively (see Fig. 4, second and third 
concept idea). According to the EFA, students are told that electromagnetic radiation (including 
light) carries field energy since the radiation has no mass but rather is a superposition of electric 
and magnetic field. This explanation has to be made very concise, otherwise students tend to 
confuse radiation with kinetic energy. A similar situation appears with thermal energy, where 
students sometimes struggle to identify the heating of matter with the acceleration of particles 
or molecules. In that sense, thermal energy is taught to be microscopic kinetic energy of 
particles instead of field energy. As can be seen form the coding in Fig. 4, students of the first 
cycle are able to understand this feature better than students in the second cycle (second concept 
idea). The reason seems to be that a model for the microscopic behaviour of molecules was 
shown in the first but not in the second cycle. Hence, students are surely able to understand this 
idea; however, it is better to give them a visualization or a model while explaining in order to 
ensure that they get the correct idea. 

Promising findings 

As can be seen from the previous paragraph, there are possibilities to provide different or 
additional information so that students are more likely to understand the concept ideas correctly. 
Most of the mentioned problems disappear after another cycle of re-design or at least become 
more specific. Hence, the evaluation and re-design process will lead to a deeper understanding 
of students’ understanding, i. e. learning obstacles and benefits of the EFA concept ideas, as the 
process goes on an eventually produces a concept that can be tested in a class setting. 

So far, one can say that students accept and implement the idea of energy stored in fields as 
well as the role and visualization of the general field in their explanations. Also, the benefits of 
the EFA in general (simplicity, making sense of traditional energy forms) is noticed and 
appreciated by most of the students. Even in the case of more complicated phenomena like e. g. 
fission and fusion (second cycle, quark field, transfer 1 and 2), particle annihilation and creation 
(second cycle, Higgs field, transfer 1 and 2) or astronomical phenomena of modern physics 
(e. g. gravitational lens; not coded here), students find it difficult but also triggering and exciting 
to describe these phenomena by using the EFA ideas. In the end, some students call the 
approach to be “better than school” or “super exciting” when they are asked to give their opinion 
on the material. 
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SUMMARY 

The energy field approach (EFA) provides a teaching learning sequence for the high school 
level that traces traditional energy forms back to kinetic and field energy. Different phenomena 
can be described from an energy perspective by analysing the energy transfer between field and 
moving objects. Thereby, the tendency of the socalled general field to minimize its energy plays 
an important role when determining the direction of energy transfer and when discussing the 
binding of atoms and nuclei. By linking energy and fields, the traditionally ragged quantity 
“energy” shall become more accessible, terms and forms of energy are expected to become 
more meaningful and the concept of energy conservation should become more present in 
students’ reasoning. 

Concept ideas and contexts of the EFA have been evaluated in two cycles of probing acceptance 
interviews (method by Jung, 1992) and provide promising insights into students’ understanding 
when learning about the EFA concept. Especially the general field itself and its active role for 
describing energy transfer processes in phenomena seem to be helpful for students. Most 
students are able to paraphrase and transfer the presented explanations in order to explain 
different phenomena; they draw on the concept ideas in an appropriate way even for phenomena 
they have not thought about before (e. g. exploding firework or alpha decay). Furthermore, 
nearly all of the interviews’ students find the concept ideas and the concept itself to be plausible 
and helpful. Of course, implications of the presented findings are limited due to a rather small 
sample size of the one-on-one interviews. Therefore, further cycles of interviews are currently 
conducted and further versions of the EFA concept are evaluated and refined. In addition, there 
will be investigations on how students learn about the EFA concept with a teaching learning 
sequence in a typical classroom setting. However, recent results show that the EFA concept 
already supports students’ learning about energy. Summing up the findings, the EFA provides 
a promising concept that is hoped to solve a lot of actual problems in energy instruction. 
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We present a teaching/learning sequence on the introduction of concepts of quantum 
computation and information which we have experimented with fourth and fifth grade students 
in Italy. The sequence attempts to bring fields such as propositional logic, physics and 
probability, which are traditionally scarcely related within the secondary school curriculum, 
under a unified perspective. Our work aims at understanding whether students are able, if 
guided within a research-based teaching/learning sequence, to first grasp such integration in 
the classical context, and then problematize it and extend it to the quantum domain. The 
analysis of the experimentation data, while providing encouraging indications, shows very rich 
and complex patterns, allowing to identify activities which may be more productive for students 
and to uncover weak points and student's difficulties. 
Keywords: Teaching Learning Sequences, Technology Education, Interdisciplinarity 

INTRODUCTION AND THEORETICAL FRAMEWORK 
In the Italian national curriculum guidelines (MIUR, 2012) on the competencies that students 
should acquire at the end of the “Liceo Scientifico” (science-oriented secondary school), three 
interdisciplinary aspects are identified: mastering the fundamental procedures of logical-
mathematical thinking; becoming familiar with methods of investigation typical of the physical 
sciences; understanding the methodological value of information technology in the 
formalization and modelling of complex processes and in the identification of solution 
procedures. We present a Teaching-Learning Sequence (TLS) attempting to interpenetrate these 
three aspects in the context of the paradigm change requests expressed in the Strategic Agenda 
of the Quantum Flagship (European Quantum Flagship, 2020): introducing students to “the 
paradigm shift from quantum theory as a theory of microscopic matter to quantum theory as a 
framework for technological applications and information processing”. 

The change of perspective implied in the above statement, when taken with its full implications, 
suggests the necessity to highlight the limits of the classical paradigm not only strictly within 
the field of physics - with the development of quantum theory - but also in the areas of 
mathematical logic, probability theory, information theory. The profound link between classical 
mechanics and propositional logic was explored by Isham (2001) and a simple redefinition of 
language terms allows to extend the discussion to concepts of probability theory. When brought 
into an educational environment, these reflections allow to highlight deep ties between the 
paradigm of classical physics and the architectures and procedures of classical computers and 
pave the way for the natural question of whether such unity can still be preserved with the 
advent of quantum theory. Those aspects of quantum physics which may appear as limits to the 
human possibility of understanding and knowing (limits of classical propositional logic for 
systems such as Stern-Gerlach or birefringent crystals, and limits of probability theory, for 
example in the case of the interference of electrons from a double slit), and as such may 
constitute epistemological obstacles to learning (Malgieri et al., 2017) can then be framed in a 
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positive perspective, allowing the emergence of a new unitary picture and new possibilities 
embodied by quantum computation and quantum communication. The principles of quantum 
theory, and in particular superposition and entanglement, therefore become the heart of a path 
towards an overcoming of the classical paradigm not only on the side of physics, but in multiple 
directions. Thus, a TLS exploiting such connections may on one hand introduce students to 
interpretive and formal tools suitable for modelling contemporary technological advancements, 
and on the other hand open a broader and fertile theoretical and cultural perspective. 

STRUCTURE OF THE TLS 
The structure of the TLS is schematically reported in Table 1.  

Table 1. Structure of the TLS.  

Topic and time employed Experimental and simulation 
activities 

Methods 

1. Introduction to quantum 
physics in the contexts of 
polarisation and the hydrogen 
atom (Distance Learning, 9 h) 

Polarizing filters and birefringent 
crystals. 
Thought experiments. 
Simulations of single photons 
experiments 

Individual worksheets, 
Generation of hypotheses and 
evaluation of student answers to the 
worksheet items in a full class 
discussion, 
Lecture 

2. The physics of computation and 
its logic, from bit to qubit (DL, 3 
h) 

 Lecture, group worksheet, frontal 
teaching and individual work 

3. The logic of quantum physics: 
one-qubit gates, two-qubit non 
entangling and entangling gates 
(DL, 6 h) 

QuVis simulation, optical 
implementation of gates 

Lecture and individual work 

4. Classical and quantum 
algorithms (DL, 3 h) 

Mach-Zender implementation of 
algorithms 

Lecture, group worksheet, and 
individual work 

5. Bell inequalities and quantum 
protocols (DL, 3 h) 

 Lecture, group worksheet, and 
individual work 

6. Classical and quantum 
cryptography (DL, 1,5 h) 

QuVis simulation Lecture and individual work 

 
Introduction to quantum theory and the physical problem of computation 

In order to provide a consistent and comprehensive access point into the physical picture, the 
concepts, and the mathematical tools needed for tackling a course on quantum computation, we 
adopted and revised an educational proposal described in Pospiech et al. (2021), section 4. In 
our sequence, students are led to acquire respectively the notions of observable, quantum 
measurement, quantum state and state vector, superposition, quantum interference, 
entanglement of modes (spatial and spin modes) of a single system, and finally the 
entanglement of different systems. All of the topics above are examined both from a conceptual 
and mathematical perspective. The basic features of the quantum description emerge in a 
modelling activity specifically including epistemic practices of the theoretical physicist, first in 
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the simple context of photon polarization and then in the scientifically significant contest of the 
hydrogen atom. 

After introducing the main elements of quantum physics, students are stimulated to reflect on 
the profound link between classical physics, propositional logic and probability theory and to 
evaluate how these aspects can be reinterpreted in a different way in the light of the new 
behaviour of physical systems studied in the first part of the path. Such reflection paves the way 
for the introduction of a new logic capable of representing the encoding and manipulation of 
information in a way which is compatible with the structure of quantum mechanics. The point 
of arrival of this line of thought is a synthetic circuital representation of quantum processes 
which, as detailed in the following subsection, contributes to provide with intuitive, conceptual 
meaning the mathematical structure of quantum theory, and becomes the basic language of 
almost all the topics addressed in the following.  

Educational reconstruction of quantum algorithms 

Reasoning within the Model of Educational Reconstruction (MER; Duit et al., 2012), we argue 
that within the existing research on teaching-learning quantum technologies, and in the specific 
case of quantum computation, no sufficient attention has been given yet to the clarification and 
analysis of science subject matter, and in particular to the issue of elementarization. Within the 
MER, elementarization is the process by which the content matter is analysed with the objective 
of identifying the elementary features (basic phenomena, principles, laws) which may be said 
to be the cornerstones for explanation, and understanding, of the field. Thus, elementarizing is 
not “simplifying”, but finding an underlying structure within the subject matter (sometimes, at 
the expense of some degree of acceptable actual simplification) which can function as scaffold 
and guide for the learning process.  

Based on an analysis of algorithms are of educational relevance for introductory teaching (i.e. 
primarily the Deutsch and Grover algorithm) we proposed an elementarization of their working 
principles based on the different identification of three different operational functions that each 
algorithm has to enact in order to obtain the desired result: 1) the activation of quantum 
parallelism on input qubits by means of Hadamard gate(s), in order to have a state composed of 
a balanced superposition of all basis states, so that the oracle can act on all of them 
simultaneously, although concretely acting on a single physical system; quantum parallelism in 
essence stems from the possibly of quantum systems of being in a state of superposition of two 
(or more) basis states;  2) the transfer of information from the oracle to the transfer qubits; this 
operation modifies the input superposition, in some cases (the Grover algorithm) producing 
entangled states, in some others (the Dutsch algorithm with less than 3 qubits) not; and 3) the 
activation of interference to move towards the final output result of the algorithm, which results 
from the outcome of a measurement. One clarifying note should be added concerning the 
concept of quantum entanglement: there has been considerable debate among researchers in 
quantum technologies (Ding and Jin, 2007) on whether the presence of entanglement a 
necessary element for the explanation of the advantage of quantum over classical over quantum 
algorithms, or instead entanglement should be considered as an accessory concept, which bears 
no particular significance to quantum computation. There seems to be at the moment no 
consensus among researchers, and at the level of an educational reconstruction, the presence of 
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an open research question understandable to students can be of educational and motivational 
value, as long as students are provided with appropriate instruments for actually grasping the 
issue. Thus, the concept of entanglement is introduced with students before the introduction of 
quantum algorithms (see the previous Section), and the existence of an open question is 
explained, but the full treatment including circuits capable of producing entangled states are 
delayed to the final part of the course. In the Data Analysis Section, we will discuss on whether 
such elementarization scheme has been successful in providing adequate scaffolding for 
students’ learning process. 

Final part of the sequence: Bell states, teleportation protocol, quantum cryptography 

Already in the treatment of quantum algorithms, the introduction of the Mach-Zender 
interferometer represents the key to connect, one by one, the symbolic elements of the circuital 
language to physical devices, both those, introduced previously when dealing with polarization, 
and the ones related to the interferometer. In this way polarizers, birefringent crystals, beam-
splitters, and phase delay plates play the role of clarifying to students the correspondence 
between a step of an algorithmic sequence, its representation in the diagrammatic language, and 
the properties of physical systems which allow, at least in principle, its realization. From a 
formal point of view, the course allows students to establish a connection between the algebraic 
manipulation of states using the Dirac notation and vector algebra and its visualization and 
conceptual representation through the diagrammatic-circuit approach. Such work opens the way 
for the introduction in the last part of the TLS of circuits describing Bell states, and to show the 
most interesting applications of entangled states in quantum protocols and quantum 
cryptography. The TLS makes use of both available research-based simulation such as QuVis 
(Paetkau and Kohlne, 2016) and some specially tailored for the present experimentation of our 
own design.  

The first application of the TLS which we report on with this poster was performed with 
students who self-selected on the basis of special interest in the topics of modern physics. The 
experimentation should be intended as the first stage of a Design-Based Research (Barab, 2006) 
project, studying its general feasibility; the final goal is to produce and refine a TLS appropriate 
for general curricular teaching. 

CONTEXT AND DATA COLLECTION 
The experimentation involved initially 14 students of the 12th and 13th grade (17–19-year-old) 
of Liceo Classico (4) e Liceo Scientifico (10) Galilei - Grattoni di Voghera, self-selected through 
interest about the topic of quantum computation and information. In fact, the course was 
performed as part of a school experimentation in which a small part of the curricular courses 
could be chosen by students electively (unusual in the Italian system).  In the Italian system, 
both liceo classico and liceo scientifico are types of secondary school attended by students who 
intend to continue their studies in university; liceo classico is more oriented towards literacy 
and human sciences (for example, it includes Greek) while liceo scientifico is more focused on 
STEM disciplines. Halfway into the course, school rules gave students the opportunity of 
choosing different courses, and the number of students reduced to 8, 6 of which from liceo 
scientifico and 2 from liceo classico. All activities were performed in distance learning because 
of COVID-19 limitations. Data collected during the teaching experiment includes pre-test. post-
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test, the laboratory sheets and reports, worksheets used by students for exercises and problems, 
the notes taken during the activities on students' comments, questions and difficulties. 

RESULTS  
Student engagement with the course 

In general, students took part to the proposed activities with interest and a positive attitude. 
However, the fact itself that 6 students out of 14 switched courses after the first part is clearly 
an indication of lack of interest/engagement, at least for part of the students enrolled. From a 
global evaluation of experimentation data, it appears that most students leaving halfway in the 
course had difficulties with the mathematical/formal aspects of the course, which of course is 
not encouraging in a sample which was self-selected to start with. Future redesign of the course 
will have to take this element into account, as will be addressed in the conclusions. On the other 
hand, the remaining students seemed highly motivated and on par with the mathematical and 
conceptual requirements (see the following subsections), and at the end of the course most of 
them expressed the desire of delving even further into applicative aspects of quantum physics.  

Understanding and connecting different representations of quantum processes 

One of the intermediate worksheets we assigned to students consisted in a series of items 
probing the capabilities of students in a) translating circuital diagrams into Dirac and matrix 
notations, and using such notations to perform actual calculations; b) connecting the operations 
performed by logical gates to the graphical representation of quantum states; c) connecting the 
formal expression of a state to the probabilities of measurement outcomes. In the approach we 
adopted, the circuital representation of quantum algorithms played a crucial role in mediating 
between the mathematical machinery needed for calculations and the physical principles 
underlying the algorithms. The text of the worksheet is reported in Figure 2. 

The work made for the construction of the qubit concept starting from polarization, and the 
subsequent interpretation of logic gates as axial symmetries in the state space seems to have 
been well understood by almost all students.  Furthermore, the 6 students from liceo scientifico 
also solved, for the most part correctly, more demanding questions in terms of mathematical 
manipulations (mostly item 4), while students of liceo classico displayed difficulties in this 
sense, due to their more limited mathematical background. 
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Figure 22. Problem on the connection between different representations of quantum processes given to 
students as intermediate worksheet. 

Qualitative and conceptual understanding of quantum algorithms 

In the final test we preferred to design questions that would allow us to evaluate whether the 
students had understood the conceptual aspects of the proposed topics, leaving the elements of 
pure algebraic calculation as optional. Here we report one of the two items related to the third 
design principle, the decomposition of quantum algorithms into three fundamental processes. 
To understand whether the proposed approach had supported the conceptual understanding of 
the Deutsch algorithm, the item asked to analyze the circuit by visually identifying the three 
processes and conceptually describing their structure, connecting their informational role with 
the physical principles underlying their action (See Figure 3). Another similar item was 
contained in the final test, concerning quantum teleportation. 

Use Deutsch's algorithm to introduce the main elements of quantum algorithms: quantum 
parallelism, the role of the operator on target and ancilla, interference and measurement. For 
each of these elements, identify the parts of the circuit that represent them and identify which 
aspects of quantum physics are involved. (If you think it is necessary, carry out some 
calculations) 

Figure 3. Final test exercise on the Deutsch algorithm. 

We conducted a qualitative analysis of the answers to the final test aimed at determining 
whether the division in subprocesses we provided students with had been productive for their 
learning. All students were able to correctly highlight, in the circuital representation of 
Deutsch’s algorithm, the portions of circuit corresponding to each of the three significant 
subprocesses (the enabling of quantum parallelism, the transfer of information from the oracle 
to the ancilla and target, the final selection of the result). All students also identified, at least 
partially, the links between each subprocess and individual features of quantum physical 
behavior and description, such as quantum superposition, the multiplicative structure of 
quantum compound systems which allows a phase factor to be considered related indifferently 
to the target or ancilla, quantum interference. Some students supported their reasoning with 
explicit calculations, but only as a complement to the considerations made earlier, so that they 
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don’t seem to rely solely on mathematics for sense-making. The similarly structured question 
which was given on the teleportation protocol produced comparable results. By examining 
students’ answers, we can conclude that the elementarization we performed of the internal 
transformations from input to output within a quantum algorithm was successful in scaffolding 
students’ learning process and providing a general framework to imbue such transformations 
with conceptual meaning. 

CONCLUSIONS 
The analysis of the experimentation data on one hand gives us a globally positive feedback on 
our basic inquiry about the feasibility of the path described with 17-19 year old students, 
providing encouraging indications on both the sides of conceptual understanding and learning 
engagement. On the other hand, the fact that 6 out of 14 students chose not to continue with the 
course after the first part is a strong element of warning, indicating that possibly our strategies 
for sustaining engagement and interest were not effective for all students, and/or further work 
is needed to reduce the impact on students’ cognitive resources required with the introduction 
of new mathematical and formal tools. A mitigating consideration may be that the distance 
teaching/learning process makes it very difficult to promptly address individual difficulties of 
students; Data also show rich and complex learning patterns, allowing to uncover peculiar 
reasoning paths and cognitive strategies of students, and to identify which activities may be 
more productive for students and which ones may show weak points and lead to student 
difficulties. Future redesign of the course for fully curricular use will have to take into account 
1) a more gradual introduction of the mathematical tools needed for analysis of quantum 
circuits, 2) further enrichment of the interdisciplinary and intra-disciplinary character of the 
sequence in order to “activate” students with different areas of interest and reinforce knowledge 
integration. Among the other future directions on which we are currently working we mention: 

 The realization of an experimental implementation of the Deutsch and Grover algorithms 
with macroscopic light beams on the optical bench. In fact, the mathematical identity 
between the classical and quantum approach to the dual rail allows in principle to run 
such algorithms with classical polarized light sources, interpreting the relative intensity 
of light collected at different detectors in probabilistic terms.  

 The development of an interactive computer simulation connecting the circuital 
representation of educationally relevant quantum algorithms and protocols to their 
possible physical realization using optical elements.  

Both the tools above described are meant to be used in the context of inquiry activities 
for small student groups, in such a way as to encourage the social construction of 
knowledge and reinforce the connection between physical reality, the diagrammatic and 
graphical tools used, and the mathematical model.      
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