
DOI 10.1393/ncc/i2023-23199-1

Colloquia: IPER 2022

IL NUOVO CIMENTO 46 C (2023) 199

An approach to research-based design of teaching-learning
sequences in the context of physics education: Theoretical
frameworks, pedagogical methods, and examples
of Data Analysis

C. Fazio(1), A. Agliolo Gallitto(1), C. G. Galiano(1), G. Giarratano(2),
I. Grazia(1), G. Termini(1) and O. R. Battaglia(1)

(1) Department of Physics and Chemistry “Emilio Segrè”, University of Palermo - Palermo,
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Summary. — In this paper we discuss an example of the research approaches
practiced at the University of Palermo Physics Education Research Group (UoP-
PERG). Particularly, we discuss the design and development with groups of high
school students of two Teaching-Learning Sequences (TLSs) on surface phenomena
in liquids, and the data collection and analysis methods. In the introduction, we
briefly discuss the educational reconstruction model, that we use as a theoretical
framework for the designing of the TLSs, and a pedagogical methodology that in
the last years has gained consensus among educators, i.e., active learning. Some
considerations on active learning pedagogical and cognitive psychology foundations
are also made. The main aim of the TLSs is to improve students’ learning of
surface phenomena, a topic that is quite relevant in Physics and other scientific
and technical fields. We provide a research-based, conceptual scheme of what we
mean by “improvement of students’ learning”, and present the TLSs phases, that
are based on the well-known inquiry- and investigation-based learning approaches,
that are science-specific applications of the general idea of active learning. Then, we
describe some methods we use in our researches to collect and give an example of
the data analysis needed to study the progression of student learning, with respect
to the conceptual scheme provided, and of some of the results obtained.

1. – Introduction

One of the main aims of science education research is to discuss the issues related to
science teaching and student learning. Many theoretical frameworks [1-4] and method-
ological approaches aimed at improving the effectiveness of both teaching and learning
have been proposed and validated in the past years. On the basis of these frameworks and
methodological approaches, research focused of the design, implementation and valida-
tion of topic-oriented educational pathways aimed at helping teachers plan and monitor
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their instruction and, as a result, enhance students’ learning. Examples found in the
literature refer to pathways called Teaching-Learning Sequences (TLSs) (e.g., [5, 6]) or
Learning Progressions (LPs) (e.g., [7-9]).

A characteristic of TLSs and LPs is a structure founded on research-based evolution-
ary processes aiming at making scientific and learner perspective interact, in order to
optimize the learning outcomes and their transferability [5]. TLSs and LPs are typi-
cally carefully sequenced sets of learning blocks that students must master en route to
mastering a further-reaching curricular objective. Frequently, these components include
subskills and bodies of enabling knowledge. TLSs and LPs are usually planned and uti-
lized as both research tools, to examine the efficacy of the proposed activities and of the
evaluation tools, and as innovation proposals, to demonstrate how specific topic-related
learning issues can be addressed.

Throughout the last few decades, numerous theoretical frameworks and instructional
strategies have been proposed for the purpose of developing educational pathways in the
field of science education and enhancing their design and implementation. Among these
theoretical frameworks, the “educational Reconstruction” model developed by Kattmann
et al. in 1995 [2-4] is one of the most widely used and discussed. It is predicated on
the notion that an effective teaching-learning sequence should be based on both a close
analysis of science content structure and educational issues, such as knowledge of the
context, student common sense ideas, research-based learning knots and processes, and
social and ethical implications. In order to “reconstruct” the content to be taught and
construct the educational path to be tested with the students, it is necessary to take
into account both the structure analysis of the science content and educational issues.
The model is based on an integrated constructionist perspective: knowledge acquisition is
viewed as a process in which the learner actively participates within a social and material
context, and scientific knowledge is viewed as a tentative human construction [6].

As a result of this integrated constructionist perspective, the majority of teaching
strategies used in the planning and development of TLSs and LPs are based on the gen-
eral concept of “Active Learning”. In fact, research in Science Education has shown that
a change in teaching pedagogy from deductive-based approaches to approaches based on
the active involvement of the learners in the construction of their knowledge can promote
student learning. That is particularly documented with regard to the improvement of
students’ conceptual understanding, longer-term knowledge retention, and the develop-
ment of critical thinking skills (e.g., [10-12]). In “active learning”, the learner does more
than simply listen to a lecture. He/she is actively engaged in reading, writing, posing
and discussing questions, gathering data from various sources, constructing models, and
solving problems in an effort to construct and develop his/her knowledge, skills, and
attitudes.

As it is clear, the ideas underlying active learning are based on the constructionist
theory of learning, which describes how individuals can acquire knowledge and learn ef-
fectively. Learning is a dynamic process consisting of successive stages of adaptation to
reality during which learners actively construct knowledge by developing, testing, and
reframing their worldviews. The literature on constructionist models of human learn-
ing, so, suggests that useable knowledge is best gained in active learning environments
(e.g., [13]).

It is now acknowledged that planning educational activities with significant cognitive
psychology research findings in mind can further enhance learning by positively impacting
students’ motivation, self-confidence, and intellectual development. Numerous proposed
approaches to science learning, such as the well-known Investigative Science Learning
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Environment (ISLE) approach [14], engage students in pedagogical activities that mirror
scientific practice and cooperation, with the goal of fostering in them deep and meaningful
learning, a “growth mindset” [15], and an overall sense of learning satisfaction.

According to American psychologist Carol Dweck, learning is highly dependent on
whether students believe their abilities are fixed or can change. A “growth mindset” pre-
pares students to actively and consciously direct their own learning through the activities
proposed by the teacher. In this way, students are encouraged to put forth deliberate [16]
and contextualized [17] effort and practice at increasing levels of complexity, with the
goal of leaving the “zone of cognitive comfort” associated with things they feel already
proficient at.

Despite of some criticism on the efficacy of Dweck’s mindset approach to education,
also related to teacher beliefs [18, 19], studies have demonstrated that mindset inter-
ventions can work in many contexts [20, 21]. When students believe they can improve,
they exert effort in activities such as learning. Therefore, efforts, time, and support in
completing tasks of increasing complexity enable students to acquire skills comparable
to those of an expert, promote conscious and persistent learning, and foster the develop-
ment of self-confidence and metacognition. An essential aspect of deliberate practice is
the exercise and active development of skills at progressively higher levels, which enables
students to acquire these skills most effectively [22]. Students can develop a personal
awareness of their knowledge and skills through deliberate practice processes. This can
enable them to better identify their strengths and weaknesses and reflect on how to
optimize their learning. Students can also reflect on their personal learning/cognitive
style(s) [23-26] and the level of their learning in a given context because of these pro-
cedures. The objective is to assist students in developing and empowering new skills
and cognitive functions, while preventing them from spending too much time in their
cognitive comfort zone, which, as stated, is frequently counterproductive to appreciable
cognitive growth.

The action of reflecting on students’ learning/cognitive style(s) is central for the
teacher/researcher in planning and implementing a TLS/LP. In fact, an educational
pathway aiming at being significant for the students should also take into account the
way in which students prefer to acquire information from their environment (including
the learning environment) and elaborate it in order to construct descriptions and expla-
nations of real-world phenomena and situations. In other words, knowledge of theories
regarding students’ possible learning styles, such as the well-known VARK model [24,25],
a refinement of the earlier VAK model of learning styles [23], can be useful for planning
and implementing educational pathways that can be effective in promoting student learn-
ing, the ultimate goal of any educational action.

2. – The research

The main aim of this paper is to present an example of the research methods used at
the University of Palermo Physics Education Research Group (UoP-PERG), discussing
some typical pedagogical approaches used by the Group, and the methods used to col-
lect and analyze data coming from the trialling of educational pathways. We will focus
on some aspects of the design and trialling with groups of high school students of two
TLSs on surface phenomena in liquids with respect to specific research variables re-
lated to learning, and we will give some results of the trialling with respect to those
variables.
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The surface phenomena content was selected because in physics, as well as other sci-
entific and technical fields, a thorough comprehension of these phenomena is important.
The pedagogical methods traditionally used to introduce students to the content are
based on transmissive approaches dealing with macroscopic descriptions and, at higher
educational levels, sometimes with an introduction to molecular interactions. However,
since many years, research has demonstrated that these methods may not be entirely
effective at capturing student interest (e.g., [27]) and promoting students’ meaningful
comprehension of the physical content. For these reasons, we believe it is useful to sug-
gest a new method for introducing students to the study of surface phenomena, based
on the active participation of students in laboratory and modeling activities, as well
as on the use of computer simulations for modelling purposes. Computer tools, such
as computer-assisted data loggers and simulations, can be extremely beneficial for stu-
dents, as they enable them to easily collect data in real-time and control parameters
pertinent to understanding the mechanism of operation underlying the phenomena they
wish to study, thereby largely fostering model-based reasoning (e.g., [28]). Research
demonstrates that models constructed at an intermediate scale (i.e., mesoscopic scale)
can be utilized effectively in science education. Particularly, the literature recognizes
mesoscopic models as valuable for efficiently introducing topics such as solid friction and
fluid statics [29]. These models have the benefits of the microscopic model. Particu-
larly, they foster understanding based on the recognition of causal relationships [30] and
“mechanism of functioning”, a mental process that is at the basis of the development
of explicative lines or reasoning. Furthermore, these models do not require a significant
amount of computer resources to execute simulations implementing the models.

Starting from these considerations, we hypothesized that choosing an appropriate
modelling scale to introduce the surface phenomena could appreciably enhance the
teaching-learning processes, both at school and university levels.

We designed two TLSs, one based on macroscopic modelling, and the other based on
mesoscopic modelling, which were pilot trialled each with a group of upper secondary
school students. Each TLS was based on an inquiry/investigative-based approach and
was planned to actively involve the students in constructing their learning. They were
involved in posing questions, gathering information (through experiments, simulations,
books, the internet, etc.), discussing and contrasting results in small and large groups,
reaching consensus and sharing knowledge. It is worth noting that in the literature there
are not many examples of researches aimed at studying the understanding of surface
phenomena. For this reason, the main goal of the trialling was not to simply identify
which group highlights the best learning depending on the different modelling approach,
but to verify, on the basis of the abovementioned research hypothesis, the aspects of
each approach that can be considered truly relevant in promoting learning. In that way,
we are able to use data coming from the TLSs’ trialling to create a new version of the
TLSs that incorporates all the factors that have shown to be crucial for improving and
promoting student learning. That new version is currently further trialed to extend the
study with other Upper Secondary School students and will be updated for trialling at
undergraduate level in the next academic year.

For the abovementioned reasons, we can state the main research question that guided
us as:

Which parts of each TLS can be deemed important for promoting significant student
learning?
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Fig. 1. – Scheme showing the research-informed dimensions related to promoting student learning
of Science we chose in our research.

However, even a quick literature research shows that “promoting student learning”
is a complex concept to study and assess. A comprehensive literature review of the
“dimensions” (e.g., [31]) that researchers consider when analyzing this concept led us to
the construction of a conceptual scheme, reported in fig. 1. It depicts what we understand
by “promotion of student learning” in our overall research. “Acquisition of conceptual
knowledge”, “Intellectual growth”, and “Development of a mind-set suited to learning
Science” are highlighted in fig. 1 as the three main research-informed dimensions that may
help us to characterize the general concept of promotion of learning in a teaching-learning
sequence, with specific reference to scientific learning. For each of these dimensions, the
figure provides additional research-informed detail on the “sub-dimensions”, henceforth
referred to as “study variables”, or “variables” for simplicity, that we aim to study
throughout the research.

Each variable reported in fig. 1 has been identified through a thorough literature
research, and should be carefully described to understand well its role in the study of the
overarching concept of “promotion of learning”. As in this paper we do not have enough
space to do that, we report in table I some literature references that allow

2
.
1. The student sample. – The TLSs were pilot tested with Upper Secondary School

students during the Academic Year 2021–22 and we will briefly discuss their main phases
below.

The sample on which the two TLSs were tested consists of forty pupils in their fourth
year at “Liceo Scientifico”, the Italian science-focused Upper Secondary School (age range
16–17, 20 females and 18 males). All the students have been studying physics since the
first year of Liceo Scientifico. The research sample was composed of students coming
from four different classrooms in the same school in Palermo, Italy. Both the physics
teachers of these students hold master’s degrees in physics. Moreover, they have a similar
approach to teaching since they were all trained in professional development activities
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Table I. – Sub-dimensions of learning (variables) that we identified for our study, and some
related literature references.

N Variable Literature references

1.1 Appropriation of concepts
and forms of representation [32-34]

1.2 Evolution of common-sense conceptions
to scientific ones [35,36]

1.3 Long-time retention of concepts [37-39]
2.1 Enhancement of interpersonal

and social skills [40, 41]
2.2 Development of reasoning skills aimed

at interpreting real-life situations
and experiments [30,42,43]

2.3 Generalization of what has been learned [44-46]
2.4 Recognition and evaluation

of personal cognitive skills [23-26,47]
3.1 Perception of self-efficacy [48-51]
3.2 Growth mindset [15,16,52]
3.3 Metacognition [53,54]
3.4 Well-being in learning [55-58]
3.5 Understanding of Nature of Science [59,60]
3.6 Willingness to extend studies

and research [61,62]

at the Università degli Studi di Palermo, which prepared them for the use of inquiry
methodologies. Therefore, the sample of students was selected to be as homogeneous as
possible in terms of preparation, method of study, and motivation.

Students voluntarily choose to participate in the trialling, during the afternoons,
after their regular school lessons. Due to the small size of the student sample (due
to space and equipment constraints in our didactic laboratory), we randomly picked
students from different courses in order to obtain two 20 student subsamples. Moreover,
as collaboration and group-work are integral elements of both the TLSs, creating working
groups comprised of students who do not know each other ensures that all students may
find their place in the group and freely express themselves away from the dynamics of
the class from which they came. For instance, the shyest pupils may hide behind the
most outgoing classmates, while the most intelligent students could “leap over” the more
insecure students. The first subsample, “Group A”, investigated surface phenomena
using a conventional macroscopic modelling approach. Group B, the second subsample,
investigated the identical issues as Group A from a mesoscopic modelling viewpoint.

2
.
2. The TLSs . – As we said, both TLSs are inspired by the ISLE approach to sci-

ence education. Particularly, they involve observation, experiments, modeling, small and
large group discussions, and pay attention not only to the cognitive aspects of learn-
ing, but also to the affective ones, that are relevant in fostering effective and persistent
learning. According to this approach, to generate interest in learning, students must
be authentically involved in pedagogical activities, and specifically in science practices
simulating scientific research. Particularly, they must alternate between working in small
and large groups. When working in small groups, they observe natural phenomena, pose
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questions related to what they observe, plan experiments and perform them, formulate
answers and multiple explanations, and test them systematically on the experimental
data. When discussing in a large group, students collaborate and share their ideas, con-
tinuously evaluating and enhancing the models created in small groups, and comparing
and contrasting them within a model of a scientific community created in class.

During the planning and implementation of the TLS, students’ teamwork phases and
approach to physical situations and the descriptions/explanations were given special
consideration. Not only were students encouraged to collaborate with their teammates,
but they were also urged to personally reflect on their work and on the agreement with
the group conclusions. In this way, students could independently search for sources and
materials that assisted them in carrying out the activities and consolidating the acquired
knowledge, allowing them to discuss the results with their teammates in a proactive
manner.

During small and large group activities, students actively planned and conducted
observations and experiments, and constructed descriptive and explanatory models of the
observed phenomenology. The instructors paid special attention to activating gradually
increasing levels of complexity and difficulty in the proposed tasks (e.g., [16]). In addition,
we took special care in our approach to propose activities that could accommodate the
various learning and cognitive styles that students may possess (e.g., [23-26]) in order
to optimize the perception, collection, and processing of learning materials [47]. At the
conclusion of the activities, we asked each group to compile a report on their scientific
experience using notes, photographs, videos, and any other data they had collected.

During the first lesson of the TLS, students were given a pre-instruction survey on
fundamental issues related to surface phenomena that were not directly related to the
topics presented and analyzed throughout the course. After a thirty-minute break on
the same day, students were given a second questionnaire regarding the teaching-learning
sequence. Both questionnaires were designed and validated using well-known methods
described in the literature [63]. The questionnaires were validated using samples distinct
from those used to test the teaching-learning sequences, and comprised of fourth-year
students from the same school as the sample used for the study.

Observation of phenomena through audio/video recordings and the gathering of ad-
ditional information through various media (books, journals, web videos, websites, etc.)
were performed with increasing levels of complexity and student participation in the
classroom. The experimental, modeling, and simulation activities were also carried out
with progressively increasing levels of complexity, and information was conveyed and
shared utilizing a variety of communication styles. During the activities, students were
first asked to make predictions and compare them to the experimental results; they were
then invited to discuss and express their agreement with the group’s conclusion on an
individual basis. Students were always asked to consider their perceptions of self-efficacy
in understanding and well-being in learning.

Every student participated in both qualitative and quantitative laboratory activity.
Following the bounded inquiry approach [64] qualitative laboratory activities were con-
ducted in which students were free to choose which tools to use and which path to follow
in order to answer the questions posed by the instructors.

In addition to qualitative experiments, useful for introducing students to the situations
to be analyzed, we designed quantitative experiments to investigate surface phenomena
and provide estimates of surface tension values in various liquids. The students were
guided, by means of a guided inquiry approach [64,65], through the quantitative activities,
with the aim to lead them to answer the questions posed by the instructors.
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In some instances, beginning with well-known experimental setups, we reconstructed
them on a shoestring budget using materials readily available in standard didactic labora-
tories. Students were able to measure surface tension values for various liquids, including
commercial demineralized water, 99% ethyl alcohol, pure glycerol, common commercial
peanut, sunflower, and corn oil, and a 30 ml mixture of dishwashing soap and deminer-
alized water using the Du Nouy ring method. The ring was made of aluminium, and
the forces involved were measured using a digital balance (sensitivity: 10−4 N) [66]. In
another experiment, students were able to estimate the surface tension of soap bubbles
as the radius of the bubbles varied so as to verify the Young-Laplace law (For more detail
see [67]). Finally, in a third experiment, students were able to estimate the contact angle
between a liquid such as water and glass [66].

The modelling phases of the TLS trialled by Group A are developed from a macro-
scopic perspective, by introducing students to the general concept of surface tension and
introducing cohesive and adhesive forces on liquid and solid surfaces as the cause of sur-
face phenomena. Students studied books and watched videos of lessons and simulations
(e.g., [68-73]), drawing and discussing graphical schemes of forces acting on liquid and
solid surfaces on the basis of what is reported in the books/videos inspected.

The modelling in the TLS trialled by Group B is based on mesoscopic modelling of
surface tension [74, 75], in which the liquid is described as a set of Lagrangian particles
and the interactions from which surface tension of the liquid arises are described in terms
of attractive and repulsive forces among particles. The equations of motion (Navier-
Stokes equations) of the discretized liquid are solved through the Smoothed-Particle
Hydrodynamics (SPH) computational method [76]. Group B students were introduced to
the model without discussion of the SPH method’s mathematical specifics and focused on
the different roles played by forces over small and large distances, as well as the different
interactions between “liquid” and “solid” particles. They were allowed to modify some
simulation parameters and see in real time the effects on the simulations.

At the conclusion of the activities, students answered two post-instruction question-
naires identical to the pre-instruction ones. After instruction, a satisfaction survey re-
garding the TLS activities and methodologies was also administered to the students. A
couple of months after the conclusion of the activities, students responded to a question-
naire identical to the post-instruction one which focused on teaching-learning specific
topics.

Table II resumes the timeline for implementation of the TLSs and provide a brief
description of activities carried out by students in Group A and B.

2
.
3. Data collection. – The data were collected by means of different instruments.

In educational research, the choice of data collection instruments is strongly based on
the type of analysis that is to be conducted in order to address the specific research
problem. Considering the complexity of the concept we want to study (“promoting
student learning”), we used a variety of instruments, resumed as follows:

• A questionnaire (Q1) on general topics, related to surface phenomena but not
specifically related to the topics discussed and analyzed during the TLSs.

• A questionnaire (Q2) on topics specific to the TLSs.

• A questionnaire (Q3) to investigate students’ satisfaction about the TLSs.

• Students’ worksheets.
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Table II. – Sub-dimensions of learning (variables) that we identified for our study, and some
related literature references.

Group A Group B

Day 1 Administration of Administration of
Pre-Instruction questionnaires Pre-Instruction questionnaires
Q1 and Q2 Q1 and Q2

Day 2 Qualitative activities: Qualitative activities:
Observation: gerridae on Observation: gerridae on
the water surface the water surface
Qualitative experiment: Qualitative experiment:
Objects on the Objects on the
water surface water surface
Qualitative experiment: Qualitative experiment:
soap water films soap water films
in metal frames in metal frames

day 3 Qualitative activities and Qualitative activities and
conceptual pit stop: conceptual pit stop:
Qualitative experiment: Qualitative experiment:
liquids in capillary tubes liquids in capillary tubes
Qualitative experiment: Qualitative experiment:
sessile drops and contact angles sessile drops and contact angles
Qualitative experiment: Qualitative experiment:
objects on the water surface objects on the water surface
when soap is added when soap is added
Conceptual pit stop Conceptual pit stop.

day 4 Macroscopic modelling: Mesoscopic modelling:
The researchers provide students with Formation of a liquid drop
an explanation of surface phenomena in absence of gravity;
based on the macroscopic model, formation of liquid menisci;
as found in most textbooks. formation of a liquid sessile drop
To support a description of on a solid surface.
surface phenomena based
on this approach, researchers
use videos, images and
diagrams strongly based on a
a macroscopic view of
surface phenomena.

day 5 Quantitative experiments: Quantitative experiments:
Measurement of the surface tension Measurement of the surface tension
of water by the ring method; of water by the ring method;
measurement of the surface tension Measurement of the surface tension
of water by the ring method; of water by the ring method;
measurement of the surface tension measurement of the surface tension
of water by the water drop method; of water by the water drop method;
measurement of the water-glass contact measurement of the water-glass contact
by the variable section capillary by the variable section capillary
method. method.

day 6 Final discussion Final discussion
Administration of Post-Instruction Administration of Post-Instruction
questionnaires Q1 and Q2. questionnaires Q1 and Q2.
Administration of satisfaction Administration of satisfaction
questionnaire Q3. questionnaire Q3.
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• Audio recordings of students group discussions at the end of each activity.

• Students’ feedback on the activities carried out during the TLSs.

• Students’ contributions during the final day brainstorming phase.

• Notes from researchers.

All these instruments allowed us to build different databases, that were analyzed by
means of different methodologies. In general, from each database collected with a specific
instrument it is possible to extract information on some of the dimensions of learning
that we have chosen to study. However, as we will see, some databases are more suitable
than others for investigating a given dimension/variable related to learning. All the
instruments used to collect the data are well-known in the literature and commonly used
in research in education.

Questionnaires Q1 and Q2 were administered before and after instruction (pre-
instruction Q1 – post- instruction Q1 and pre-instruction Q2 – post-instruction Q2),
with the aim to get information on some of the study variables related to the first two
dimensions of learning that we identified, “Acquisition of conceptual knowledge”, and
“Intellectual growth”. Particularly, questionnaire Q1 was mainly aimed at obtaining
information on variables 1.2: Evolution of common-sense conceptions to scientific ones,
and 2.2: Development of reasoning skills aimed at interpreting real-life situations and
experiments. Questionnaire Q2 was aimed at obtaining information on variables 1.1:
Appropriation of concepts and forms of representation, 2.2: Development of reasoning
skills aimed at interpreting real-life situations and experiments, and 2.3: Generalization
of what has been learned. Questionnaire Q2 was also administered two months after the
end of the pedagogical activities (post-post-instruction Q2), in order to get information
also on the study variable 1.3 (Long-time retention of concepts).

Questionnaire Q3 was aimed at studying variables related to the third dimension of
learning, “Development of a mindset suited to learning Science”, and was administered
only at the end of the pedagogical activities. It is a Likert scale questionnaire which also
includes a final open-ended question in which students are asked for sincere feedback on
their experience during the experimentation.

All the other data collection instruments were aimed at completing the study, giving
detail on almost all the study variables (except variable 1.3, that was studied only by
means of post-post-instruction Q2). At the end of each day of experimentation, the
researchers noted their considerations in a logbook. These notes allowed us to check for
consistency of what was found in the other databases and sometimes to reconstruct the
audio recordings when they were not clear.

2
.
4. Questionnaire validation. – Questionnaires Q1, Q2, and Q3 have been in part

designed by the researchers, by using literature sources. They were all validated according
to methods well known in the literature [63]. We briefly describe the validation procedures
we used as follows:

• Content/logical validation. It is a kind of validation procedure aimed at allowing
researchers to understand how the test items are representative of the content they
aim to investigate on. The reliability of this validation is influenced by content
experts’ judgment, since they are designated to indicate whether the test is suitable
to measure what it aims to measure. All the researchers participated to content
validation of the questionnaires.
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• Construct validity. It allows researchers to understand if a test reflects or not a
given construct. Constructs are abstractions used by the researchers to conceptual-
ize a latent variable which is correlated with scores on a given measure, although it
is not directly observable. All the researchers participated to construct validation
of the questionnaires.

• Face validity. It is a fundamental step to measuring the validity of a test, as it
studies how the questionnaire questions are understood by students, and allows
the researcher to modify “on the fly” a question that is not clear to students and
verify the relevant effect. Questionnaires Q1, Q2, and Q3 were face-validated with
a sample of 15 students attending the same school asof the students of the research
sample, at different classes of the same grade.

2
.
5. Data analysis . – Our research embraces different kinds of data collection in-

struments and analysis techniques, and can, therefore, be defined as a research based
on mixed-method approaches. Such approaches turn to be particularly dynamic and
suitable to expand research aims and improve the analytic power of studies.

All the data we collected were coded and analyzed by means of different methods,
depending on their nature. In this way, we extrapolated detailed information and insights
on the data that allowed us to achieve a meaningful and deepen interpretation of them,
in the light of our research aims.

Data coming from questionnaires Q1 and Q2 were studied by means of phenomeno-
graphic methods [77] and refined by means of content analysis methods [78]. Data
were coded in terms of the answers most frequently given by the students to the ques-
tions [79,80], and quantitatively treated as briefly described below.

Questionnaire Q3 was a Likert scale questionnaire, with a final open-ended question
in which students were asked for their sincere feedback on their experience during the
experimentation. The scale was converted in a number scale from 0 (not at all) to 4
(very much). For each question, the weighted mean value of the scores assigned by the

students x =
∑N

i=1
xiNi

N , where Ni is the number of students who assigned the score xi,
and N in the total number of students, was determined.

Data coming from the other sources (students’ worksheets, audio recordings of stu-
dents group discussions at the end of each activity, students’ contributions during the
final day brainstorming phase, and students’ feedback on the activities carried out dur-
ing the TLSs) were analyzed with methods inspired by thematic analysis [81, 82], so to
synthesize their richness and complexity.

2
.
5.1. Analysis of answers to questionnaires Q1 and Q2. The analysis of questionnaires

Q1 and Q2 was performed on the basis of the variables we wanted to obtain information
about by means of these instruments (variables 1.1 (Q2), 1.2 (Q1), 1.3 (Q2), 2.2 (Q1
and Q2), and 2.3 (Q2)). For each of these variables, we first identified levels related to
students understanding of the themes related to them. For example, regarding variables
1.2: Evolution of common-sense conceptions to scientific ones, and 2.2: Development
of reasoning skills aimed at interpreting real-life situations and experiments, we per-
formed an analysis of student answers to questionnaire Q1 (both variables) and Q2 (only
variable 2.2) aimed at highlight how, before instruction, students describe and explain
surface phenomena, and if, and how, these descriptions/explanations are modified when
attending the course.

As we said above, the analysis of students’ answers to the questionnaire was performed
on the basis of phenomenographic and content analysis methods. It allowed us to identify,
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Table III. – Students’ “epistemological profiles” related to the ways of tackling the questionnaire
and the related reasoning procedures.

Practical/Everyday Descriptive Explicative

Reflects the creation of The student describes and The student gives an
situational meanings derived characterizes the proposed explanation of the proposed
from everyday contexts. situation/analyzed process situation referring to a model
The student uses other by searching in memory qualitative and/or quantitative)
situations, perceived as the variables perceived as based on cause/effect relations.
analogous to the one relevant and/or recalling their They may also provide
proposed in the question, relations. The variables and explanatory hypotheses
to try to the relationships among by introducing models
describe/explain it. them are expressed by which can be seen

means of different at a theoretical level.
languages
(verbal, iconic, mathematic).
Causal relations among the
variables on the
basis of a functioning model
(microscopic/macroscopic)
are not given.

also based on previous research [80,81,83,84], three students’ “epistemological profiles”,
related to three different ways of reasoning when tackling the situations proposed in the
questions.

The profiles are resumed in table II, where a brief description of the reasoning pro-
cedures that the students used when tackling the questions is given. We note that the
Practical/Everyday profile can be related to the use of common-sense knowledge. Both
the Descriptive and Explicative profiles are related to the use of scientific knowledge,
although at different levels of sophistication, as it is evident from table III. For this rea-
son, the analysis performed by means of the individuations of the three abovementioned
profiles gave us insights on the evolution of both study variables 1.2 and 2.2.

Table IV shows some examples of keywords and sentences identified on the basis of the

Table IV. – Examples of terms and sentences in students’ answers used to classify them in one
of the three “epistemological profiles” described in table II.

Practical/Everyday Descriptive Explicative

(according to my) experience . . . I remember that . . . Molecular Movement . . ..
Like I see in real life . . . I studied that . . . . . . is similar to . . .
Usually . . . I know that . . . Microscopic . . .
Real object . . . The formula says . . . Inter-Molecular forces . . .
Like an insect on water . . . The graph shows . . . Interaction . . .

There are adhesive and cohesive Equilibrium . . .
forces . . . Molecules . . .
There is surface tension . . .
Chemistry/Physics say . . .
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content analysis of students’ answers, which allowed us to trace back students’ response
strategies to one of the three abovementioned profiles.

After the identification of the three epistemological profiles shown in table III, the an-
swers of students to questionnaires Q1 and Q2 are classified into one of these profiles, by
means of a several-stage negotiation among the researchers. Tables and graphs of the cod-
ing allows the researchers to study the related variables (1.2 and 2.2), i.e., how students’
answers move from one profile to another as a consequence of the TLS’s attendance.

A deeper analysis of the answers given to questionnaires can be performed by means
of Cluster Analysis [84]. Many disciplines of research, including information technol-
ogy, biology, medicine, archeology, econophysics, and market research, employ ClA tech-
niques [85-88]. These techniques enable the researcher to identify subsets or clusters of
objects that tend to be homogeneous “in some sense” (unsupervised classification [89,90])
without having prior knowledge of the forms that these groups take. In accordance with
the selected criteria, the results of the analysis can disclose a high degree of homogene-
ity within each group (intra-cluster) and a high degree of heterogeneity between groups
(inter-cluster).

In our research group, we use ClA techniques in order to identify groups (i.e., clus-
ters), of students showing similarity in the ways they answer the questionnaire (e.g.,
see [79, 83, 91]). This procedure can assist us in describing the behavior of students in
relation to variables describing the learning dimensions depicted in fig. 1. Specifically,
ClA techniques enable us to identify the characteristics that distinguish the responses of
students belonging to the same cluster, as well as the differences and similarities between
the responses of students belonging to different clusters. Thus, it is possible to infer
typical “behavior profiles” of students with regard to a particular study variable, such
as those presented in table I. For instance, a ClA enables us to characterize the sample
in terms of the typical common-sense or scientific conceptions and the typical lines of
reasoning utilized by students when responding to a questionnaire (e.g., with reference,
but not limited to, the epistemological profiles reported in table III), as well as the most
common generalization skills or forms of content representations highlighted by students.

2
.
5.2. Analysis of the other data. The analysis carried out on the data collected by

means of the other instruments (students’ worksheets, audio recordings of students group
discussions at the end of each activity, students’ feedback on the activities carried out
during the TLSs, students’ contributions during the final day brainstorming phase, and
notes from researchers) was inspired by thematic analysis methods [81,82], and involved
the following steps:

1) Repeated readings of the data in order to become familiar with them.

2) Identification of text segments useful for answering the research question.

3) Identification of codes that synthesize the information conveyed by data.

4) Labelling of text segments of analytic interest (see step 2) through the codes iden-
tified in step 3.

5) Construction of a table of code-variable correspondences.

6) Identification of text segments significative for the analysis of specific aspects of
learning (the study variables (or sub-dimensions of learning) introduced in fig. 1)
based on the code-variable correspondences.
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The identification of codes allowed us to synthesize the data complexity and to high-
light how the variables, that give us information on the specific dimensions of learning,
emerge from data. Labelling data segments by using codes allowed us to navigate more
easily and intentionally within the datasets. We used an inductive coding. This means
that we did not have a set codebook, but we created codes based on the qualitative
data itself. Codes have been identified by us on the basis of the information carried out
by data. In particular, the initial codes were roughly identified from the recurrences of
words and sentences.

The codes identified after first reading the databases are reported below. For each
code, we give a brief description clarifying which aspects of data can be summarized by
the code.

Procedures-methodologies understanding. Students report on activities, tools, situ-
ations, etc. which promote or hamper the comprehension of specific topics addressed
during the trialling stage.

Tools-skills. Students describe tools, materials, and skills acquired and/or used during
the trialling stage.

Theory vs. practice. Students point out the difference between theory and practice.
Theory is what they are most used to, practice is something they are not yet familiar
with.

Traditional lecture vs. “innovative lecture”. Students strongly perceive the difference
between the traditional lectures they are used to at school and what they defined “inno-
vative lectures” based on approaches they are not familiar with. By traditional lectures
they refer to frontal lessons in which teachers explain and students listen to.

Content understanding. Different levels of understanding of the topics emerge from
data. From students’ answers to content questions, it emerges whether they have under-
stood a content and/or its forms of representation consciously.

Debate. Students openly declare that the debate turns out to be an important tool
to achieve a greater and better understanding of the topics.

Perspective. A given topic can be analysed from multiple perspectives and points of
view. Students expand their learning perspective through the point of view of others,
through the use of new study methods and new learning tools.

Role. Different roles can be assumed by students in their learning process. For
example, students can distinguish the learning contexts in which they have an active or
a passive role.

Language. The use of specific lexicon, that is scientific terminology used in a con-
scious way, is highlighted. Students recognize the role of mathematical language in the
formalization of results obtained through the experiments. The acquisition and use of a
scientific vocabulary facilitates the communication of the results among students.

Reflection. Students accurately reflect on the activities carried out, on what they
have learned, on the skills they have acquired. They critically discuss the pros and cons
of the activities they were involved in and reflect on how to apply models acquired in a
given context to different situations.

Acknowledgement. Students declare they have acquired self-awareness by carrying
out the activities proposed during the trialling stage. Students show to be aware of their
strengths and weaknesses and acknowledge their progress.

Engagement-interest. Students talk about the activities they find most interesting
and engaging. Many of them find computer-based simulations and hands-on experiments
particularly challenging, while they get bored during more “traditional” activities similar
to that they are used to at school.
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Comfort. Students talk about the contexts in which they find themselves more com-
fortable during the learning process and those in which they did not feel comfortable.

Proactiveness. Students give us suggestions how to modify and improve didactic
activities, based on what they have experienced during the trialling stage. Some of
them reproduce or propose to reproduce some of the experiments carried out by making
changes and look for additional information on the topics addressed in the classroom.

After repeated readings, we agreed that some codes could be merged with each other
since they carry the same or similar information about the data. The codes “Procedures-
Methodology understanding”, “Tools-skills”, “Theory vs. practice” and “Traditional lec-
tures vs. innovative lectures” have been embedded into the overarching code A, the codes
“Debate”, “Perspective” and “Role” into C, the codes “Engagement-interest”, “Comfort”
and “Proactiveness” into F and finally, the codes “Reflection” and “Acknowledgement”
into E.

Table V is a code-variable correspondence table. It shows which variables, and there-
fore which aspects of learning, emerge from the data labelled with a given code. For
example, as can be seen in fig. 2 and in table VI, data labelled with the code “A” will
hold information about aspects of learning related to intellectual growth (variables 2.2,
2.3) and development of a mindset suited to science (variables 3.2, 3.3, 3.5, 3.6). As
can be seen from the table, each code can summarize information relating to one or
more aspects of learning (i.e., Conceptual knowledge, Intellectual growth, Development
of the “right mindset”). The overarching codes (A-F) reported in table III are the codes
that have been definitely used to conduct the qualitative analysis ofdata. These codes
incorporate and synthetise all the information carried by the codes that have merged to
constitute them.

Variable 1.3 is not present in table V. In fact, we could obtain information on it
only by means of the post-post-instruction administration of questionnaire Q2. It is
worth noting that table V is the result of a long negotiation process, which led to an
agreement among the researchers involved in data analysis. In other words, the choice of
“merging” two or more codes and the association of each code to one or more variables
were discussed and agreed by the researchers.

3. – Some results of the data analysis

In order to give some details of the results we obtained and the way we formulated
an answer to the research problem (on the basis of the study variables we identified for
the research), we report here examples of the analysis of the data we collected during

Table V. – Code-variable correspondence table showing what kind of information about the
learning process is synthesized by each code. Codes composing each overarching code are reported.

Conceptual knowledge Intellectual growth Intellectual growth

codes 1.1 1.2 2.1 2.2 2.3 2.4 3.1 3.2 3.3 3.4 3.5 3.6
A X X X X X X
B X X X X X X X X X X
C X X X X X X X X X X
D X X X X X X
E X X X X X X X
F X X X
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Fig. 2. – Diagram showing the codes introduced in the data analysis. The boxes contain the
codes subtending to the same overarching code (A–F).

the TLS trialling with respect to some of the study variables. Particularly, we report
an analysis of answers to questionnaires Q1 and/or Q2 questions with respect to vari-
able 1.1: Appropriation of concepts and forms of representation (comparison between
pre-, post- and post-post-administration of Q2), variable 1.2: Evolution of common-
sense conceptions to scientific ones (comparison between pre- and post-administration
of Q1), variable 1.3: Long-time persistence of concepts (comparison between pre-, post-
and post-post-administration of Q2), and variable 2.3: Generalization of what has been
learned (comparison between pre-, post-, and post-post administration of Q2). More-
over, an example of the results of textual analysis of the audio recordings of students’
contributions during the final day brainstorming phase, with respect to all the study
variables (according to table V) is reported.

3
.
1. Variables 1.1 and 1.3 . – This part of the study of variables 1.1: Appropriation

of concepts and forms of representation, and 1.3: Long-time retention of concepts, was
done by means of a content analysis of the answers to questionnaire Q2 before, after
instruction and after the two-months break.

A further study of variable 1.3 was conducted on other databases and an example will
be given in sect. 3.4.

Table VI. – Codes composing each overarching code.

A Procedures-methodologies understanding/Tools-skills/Theory vs. practice/
Traditional lecture vs. innovative

B Content understanding
C Debate/Perspective/Role
D Language
E Reflection/Acknowledgment
F Engagement-interest/Comfort/Proactiveness
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Table VII. – χ2 = 248.0, p < 1%.

Group A – Q2 Application Correct description Incorrect description No answer
Pre-instruction 2 35 56 137
Post-instruction 40 98 22 9
Post-post instruction 30 110 14 15

Table VIII. – χ2 = 174.4.0, p < 1%.

Group B – Q2 Application Correct description Incorrect description No answer
Pre-instruction 2 65 39 82
Post-instruction 61 96 27 2
Post-post instruction 58 92 26 15

As the variable regards the appropriation of both concepts and forms of represen-
tations, we decided to analyse students’ answers separately with respect to these two
aspects.

3
.
1.1. Concepts. References [32-34] discuss ways to define and evaluate the appropri-

ation of concepts and content. According to these authors, teachers can observe a first
level of appropriation when personal signature ideas grounded in the discipline emerge in
students, and they are able to correctly describe and discuss contents. A second, deeper
appropriation occurs when students are able to apply contents to solve problems and
face situations.

For this reason, we decided to analyse the answers given by students to questionnaire
Q2 searching in each student answer for the evidence of 1) application of the concept
to solve a problem or face a situation; 2) correct description of a concept; 3) incorrect
description of a concept; 4) no answer.

Tables VII and VIII show the contingency tables for the results of that analysis for
Group A and Group B students, respectively, in the three administration phases of the
questionnaire, and fig. 3 reports the related bar diagrams. The values represent the
number of answers that highlight a specific level of appropriation of concepts.

As can be seen in fig. 3, in the pre-instruction questionnaire, the percentage of appli-
cation of concepts is significantly low for both groups, and the percentage of no answers
is particularly high, especially for Group A. From the pre- to the post-instruction ques-
tionnaire administration, an increase in the percentage of application of concepts and
correct descriptions is registered, especially in Group B. These results are confirmed in
the post-post instruction administration of the questionnaire.

3
.
1.2. Forms of representation. For what regards the forms of representations, refer-

ences [32-34] identify verbal, iconic, tabular, graphic, analytical representations as the
ones most commonly used in science. So, we analysed the answers given to Q2 search-
ing for the evidence of such kind of communication and representation channels in each
student answer.

Tables IX and X show the contingency tables for the results of the analysis for Group A
and Group B students, respectively, in the three administration phases of the question-
naire, and fig. 4 reports the related bar diagrams. The values represent the number of
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Fig. 3. – Bar diagrams showing the percentages of answers given by Group A and Group B
students, respectively, to questionnaire Q2 during the pre-, post-, and post-post-instruction
administrations. The answers are categorized according to the different level of concept appro-
priation identified in our analysis.

Table IX. – χ2 = 233.4.0, p < 1%.

Group A – Q2 Verbal Iconic Tabular Graphical Analytical No
representation

Pre-instruction 43 15 10 13 2 137
Post-instruction 30 50 8 32 40 9
Post-post instruction 45 35 8 31 35 15
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Table X. – χ2 = 180.5, p < 1%.

Group B – Q2 Verbal Iconic Tabular Graphical Analytical No
representation

Pre-instruction 50 25 12 14 6 82
Post-instruction 30 71 4 59 20 2
Post-post instruction 35 68 8 50 15 15

Fig. 4. – Bar diagrams showing the percentages of answers given by Group A and Group B
students, respectively, to questionnaire Q2 during the pre-, post-, and post-post-instruction
administrations. The answers are categorized according to the different forms of representation
used by students.
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Table XI. – χ2 = 24.69, p < 1%.

Group A – Q2 Everyday Descriptive Explicative No answer
Pre-instruction 58 45 41 31
Post-instruction 35 72 55 10

Table XII. – χ2 = 55.07, p < 1%.

Group A – Q2 Everyday Descriptive Explicative No answer
Pre-instruction 74 69 28 16
Post-instruction 26 64 80 4

answers that highlight the use of one representation channel.

As we can see in fig. 4, in answering the pre-instruction questionnaire, the prevailing
form of representation is the verbal one, for both Group A and Group B. In answering
the post-instruction questionnaire, Group A student show an increasing use of formulas
(analytical representations) to address the proposed situations, while Group B students
are more oriented to the use of schemes and graphs (iconic representations and repre-
sentations involving Cartesian diagrams). These trends are confirmed in the answers
of the post-post instruction questionnaire. In both groups, the percentage of students
using tabular forms of representation is low and almost unchanged both in pre- and
post-instruction administration of the questionnaire.

3
.
2. Variable 1.2 . – The study of variable 1.2: Evolution of common-sense conceptions

to scientific ones, was done by means of a phenomenographic and content analysis of the
answers to questionnaire Q1 before and after instruction, according to what is reported
in sect. 2.5.1 (tables II and III). A further study of the variable was conducted on Q2
answers, but we will not discuss it here.

Tables XI and XII report the contingency tables for the answers given to Q1 by Group
A and Group B students, respectively, before and after instruction. In these tables, the
number of answers is reported, and in fig. 5 the percentage of answers is reported.

Figure 5 gives detail about what happened in each group with respect to variable 1.2
in answering Q1. It is clear that in the post-instruction questionnaire, both groups still
give everyday-type answers, but to a lesser extent than before. Both groups also show
a decrease in the percentage of not answered questions from the pre- to post-instruction
questionnaire administration. Group A highlights an increase of 16% in descriptive-type
answers. Moreover, a decrease of 12% in the number of not-answered questions from the
pre- to post-instruction questionnaire is highlighted.

On the other hand, Group B maintains the percentage of descriptive-type answers
and highlights a significant increase (31%) in explicative-type answers. Everyday-type
answers show a clear decrease (25%) from the pre- to post-instruction questionnaire.

3
.
3. Variable 2.3 . – This part of the study of variable 2.3: Generalization of what has

been learned, was done by means of the analysis of the answers to questionnaire 2 before,
after instruction and after the two-months break. A further study of the variables was
conducted on the other databases and an example will be given in sect. 3.4.
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Fig. 5. – Bar-diagrams showing the percentages of answers given by Group A and Group B
students, respectively, to the pre-and post-instruction questionnaire Q1. Answers are categorized
according to the “epistemological profiles” identified in our analysis and reported in table III.

References [44-46] show that a way to discuss ways to evaluate variable 2.3: Gen-
eralization of what has been learned, is to study the use of contents and techniques
learned in a given situation in similar or different, untrained circumstances. A gener-
alization gradient is commonly used to express the level of generalization. Therefore,
we decided to content-analyse the students’ answers with respect to the following levels:
1) generalization to untrained situations; 2) generalization to similar situations; 3) no
generalization/no answer.

Questionnaire Q2 includes questions related to both situations similar to the ones
dealt with during the TLSs phases, and situations that appear to an expert analogous
to the TLSs ones but that may not be perceived by students as similar to the TLSs’
ones. We report here also the results obtained from the analysis of the pre-instruction
administration of the questionnaire, even if the information that can be obtained from
that data does not regard the generalization skills due to the TLSs development. On the
other hand, we acknowledge that all the students have already fronted and studied some
aspects of surface phenomena, during the chemistry lessons, at school. For that reason,
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Table XIII. – χ2 = 216.3, p < 1%.

Group A – Q2 Untrained situations Similar situations No generalization/
No answer

Pre-instruction 0 30 190
Post-instruction 40 90 39
Post-Post-instruction 31 97 41

Table XIV. – χ2 = 230.7, p < 1%.

Group A – Q2 Untrained situations Similar situations No generalization/
No answer

Pre-instruction 0 31 158
Post-instruction 64 93 29
Post-Post-instruction 54 96 41

we wanted to see what was their initial generalization level with respect to situations
that they could have dealt with before.

Tables XIII and XIV show the results of the analysis for Group A and Group B,
respectively, in the three administration phases of the questionnaire. The values represent
the number of answers that highlight a given generalization level.

As we see in fig. 6, in the pre-instruction questionnaire, the percentage of generaliza-
tion in untrained situations is equal to zero, and the percentage of no generalization/no
answer is significantly high for both groups. Before instruction, only a small percentage
of students seem capable of generalization in situations similar to those with which they
are familiar with. In answering the post-instruction questionnaire, an increase in the
percentage of students who generalize in both untrained situations and situations similar
to those with which they are familiar with is registered. In particular, Group B students
seem to be oriented towards generalization in untrained situations more than Group A
students. It is worth noting that also after instruction, a percentage not negligible of
students is still unable to generalize. This is a sign that probably more time should be de-
voted in the TLS to modelling activities, discussion and procedures that foster extension
of the learning concepts and skills to different context.

3
.
4. Thematic analysis of students’ contributions during the final day brainstorming

phase (all variables). – The example of results of data analysis reported here consists of
the thematic analysis of the audio recordings of students’ contributions during the final
day brainstorming phase (database 3). In this phase, researchers suggested some topics
and aspects of experimentation activities to think about and let the two groups discuss
and compare their experiences.

Figure 7 shows the percentages of recurrence of each variable during the final day
brainstorming phase for Group A and Group B, respectively, found according to the
methods discussed in sect. 2.5.2. All variables (except variable 1.3) are studied in this
analysis, but we will briefly discuss here mainly the variables related to the third dimen-
sion of learning we study in this research: Development of a mindset suited to learning
science (see fig. 1).

The results of the analysis of this database show that Group B students, after tri-
alling, have developed metacognition (3.3), well-being in learning (3.4), and willingness
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to extend studies and research (3.6) more than Group A students.
It is also worth noting that, after trialling, Group A students seem to have achieved

appropriation of concepts and forms of representation (1.1) higher than Group B stu-
dents. Moreover, at the end of the educational path, Group A show an enhancement
of interpersonal and social skills (2.1) and the ability to recognize and recognize the
evolution of personal cognitive styles (2.4) higher than Group B.

4. – Conclusions

In this paper, we provided an illustration of some research methods utilized by the
University of Palermo Physics Education Research Group (UoP-PERG) and of the results
that can be obtained by using them to study students’ learning. We used the process of

Fig. 6. – Bar diagrams showing the percentages of answers given by Group A and Group B
students, respectively, to questionnaire Q2 during the pre-, post-, and post-post-instruction
administrations. Answers are categorized according to students’ different levels of generalization.
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designing and developing two TLSs on surface phenomena in liquids as an example, to be
trialled with groups of high school students. The data collection and analysis methods
used in trialling the TLSs were also described.

In the introduction, we briefly discussed the educational reconstruction model, which
we employed as a theoretical framework for the design of the TLSs, and a pedagogical
methodology that we followed, i.e., active learning. Some relevant aspects of active
learning pedagogy and cognitive psychology were discussed and their relevance in the
TLSs planning and development was pointed out.

As the main aim of the research was to study what aspects of the TLSs could be
considered relevant in fostering significant learning in students, we provided a research-
based conceptual scheme of what we mean by “improvement of students’ learning”, that
allows us to define specific study variables. Then, we presented the TLSs phases, which
are based on the well-known active-learning, inquiry- and investigation-based (ISLE)
approaches. We described some methods we employed in our research to gather and
analyze the data required to study the progression of student learning, with respect to

Fig. 7. – Bar-diagrams showing the percentages of recurrence of each variable during the final
day brainstorming phase for Group A and Group B, respectively.
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the conceptual scheme of learning provided and some specific study variables. Finally,
we gave an example of the results that can be obtained with respect to some of the study
variables.

The analysis of all the data collected during trialling is still in progress. Some pre-
liminary results have already been published [92], and a complete analysis of them is in
preparation. From those data, it seems that to deal with surface phenomena effectively,
it should be useful to build a TLS embedding aspects of both the approaches trialled.
The strong experimental connotation common to both TLSs, which in several cases re-
quired the active involvement of the students in designing experiments and collecting
and analyzing data, the importance given to the continuous interaction of the students
within the small and large groups, and the constant request to the students to express
their agreement with the conclusions reached by the group, represented a characterizing
aspect of the approach followed during the development of the two TLSs. All the stu-
dents showed appreciable improvements in relation to many of the study variables. On
the other hand, the different modelling approaches and the related differences in student
learning showed that mesoscopic modelling seems to provide students with more effective
tools for developing explanatory reasoning models with respect to the more traditional
macroscopic modelling.

We also believe that presenting a topic through a multiple perspective, involving stu-
dents in a complex and variegated learning environment can really help them achieve a
deep understanding and awareness of themselves. All this also fosters students’ acquisi-
tion of ways of reasoning and attitude towards problem-solving that represent transversal
tools crucial in everyday life beyond the didactic experience. In particular, we believe
that in a future trialling of this TLS it will be worth dedicating more time to the meso-
scopic approach as this, despite the limited time available during the first trialling, clearly
shown particular effectiveness in promoting students’ understanding of the functioning
mechanisms underlying the physical phenomena explained, which is essential for the
achievement of scientific knowledge.

The study presented in this paper is affected by some limitations related to the number
and nature of the research sample. Since the TLSs designed were tested on a sample of
40 students, all of them attending the upper secondary school, the results of our study
cannot be easily generalized.

Another aspect that is worth of consideration regards the issues related to the prepa-
ration of physics teachers to design, implement and evaluate TLSs on surface phenomena,
like the ones we described in this research, and, more generally, the preparation of teach-
ers in effectively designing, implementing and evaluating pedagogical approaches based
on active learning methodologies and investigation/inquiry-based approaches. The two
teachers that participated in our research are both graduated in physics and interested
in innovation in teaching and learning the subject. They were able to not only actively
support the researchers in the design and implementation phases of the TLSs, but were
also willing to transfer the pedagogical methods used during trialling to their daily teach-
ing practice. This undoubtedly facilitated the development of the research, as we could
count on the fact that the activities carried out in the classroom were systematically
resumed and extended during the normal classroom activities. Unfortunately, this is
not a common situation in Italian schools, where many teachers are not graduated in
physics and/or do not always consider the use of active learning methodologies as fea-
sible and useful, mainly because of time constraints with the school programs and the
commitment that is required to effectively involve students in laboratory and modelling
activities based on investigation/inquiry.
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We plan to design a single TLS embedding the most effective aspects and tools char-
acteristics of the macroscopic and mesoscopic approaches on surface phenomena exper-
imented in the context of the two TLSs described in this work. On the basis of the
results obtained and of the “lesson learnt”, we plan to trial this upgraded TLS on a more
extended sample composed of upper secondary school students (once again). A further
trial of the upgraded TLS is also planned with undergraduate students (first year of
Engineering degree courses) in order to get information on the influence of age and con-
tent understanding background on the improvements due to the investigative/modelling
approach that can be observed with respect to the study variables.
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