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Abstract
We report on the design and construction of a worksheet to develop upper
secondary school students’ understanding of the particle-in-a-box model. We
designed a worksheet that guided students’ structured-inquiry learning
through peer discussion using the PhET simulation ‘Quantum Bound States’.
The worksheet was improved in three iterative cycles of (re)designing, testing
and evaluating, leading to a validated design and tentative design principles.
Students’ discourse was recorded whilst they were using the worksheet and
the PhET simulation in the test phase of each cycle. Analyses of students’
discourse informed the redesign of the worksheet for each subsequent cycle,
until the design was finalised. The results showed the potential of the
simulation to introduce upper secondary school students to the
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particle-in-a-box model, provided care is taken to accompany student
inquiry with a well-developed worksheet as learning support during the
lesson.

Supplementary material for this article is available online

Keywords: quantum physics education, inquiry learning, peer learning, interactive simulation,
worksheet design and construction, particle-in-a-box-model

1. Introduction
We describe how we designed a worksheet to
introduce Dutch upper secondary students to
the commonly used particle-in-a-box model [1]
through inquiry learning and peer discussion
using the quantum bound states (QBS) simulation
from the PhET database [2]. The particle-in-a-box
model can be used to describe the behaviour of an
electron in a 1D potential well and illustrate how
energy levels of the electron are quantised [3].

2. Learning QP with interactive
simulations
Interactive simulations were chosen because they
can be an effective way to introduce upper sec-
ondary students to new quantum physics (QP)
concepts and phenomena [4]. Interactive simula-
tions support students by visualizing abstract QP
concepts, providing multiple representations, and
simplifying complex problems through the con-
sideration of a limited number of variables under
idealised conditions [5]. They enable students’
inquiry-based learning, promote active participa-
tion, transfer responsibility to students to discover
new QP knowledge [6], and facilitate peer discus-
sion by providing a common reference point [7].

Inquiry-based learning was chosen since such
an approach benefits student engagement and pro-
motes students’ understanding of QP by exchan-
ging ideas, articulating conceptual difficulties,
and raising new questions [8, 9]. Inquiry-based
learning is a student-centred educational approach
[10, 11] where students engage in a process of
discovering ‘new’ causal relations by formulating
and testing hypotheses through conducting exper-
iments and making observations constructing (for
them) new knowledge [12]. Students follow a
series of phases based on the scientific inquiry

cycle to guide their exploration when interactive
simulations are combined with inquiry learning
and peer discussion [13, 14].

2.1. Selecting an interactive online
simulation

An overview was made of freely-available inter-
active QP simulations by Google search and
snowballing the results. From the over one
hundred research-based interactive simulations
found online, four addressed the particle-in-a-
box model. The ‘QBS’ simulation was chosen
because of: its availability in Dutch, having the
most options to freely explore the particle-in-a-
box model and that secondary school teachers
are familiar and satisfied with PhET simulations
[13, 15].

The ‘QBS’ simulation (figure 1) allows
exploring the possible energy levels of an elec-
tron in a 1D square potential well as means to
understand the particle-in-a-box model. Students
can examine how the wave function and probabil-
ity distribution changewith each energy level. The
dimension of the potential well can be changed to
understand how the width and height of the well
affects the possible energy levels of the electron.
The user must however understand what is shown
on the screen and how it fits or does not fit with
their prior physics knowledge. To overcome this
latter difficulty we designed a worksheet to struc-
ture student thinking.

2.2. Structuring students’ inquiries

Student inquiry in small peer groups was chosen
to learn QP stimulating self-exploration and peer
discussion. Structured inquiry from the levels of
inquiry formulated by Tamir [16] was selected,
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Figure 1. Screenshots of the ‘QBS’ simulation from the PhET database.

since QP is a new topic in upper secondary phys-
ics education and students should then be able
to focus on the conceptual foundations of QP
by discussing results and formulating new ideas
about the new phenomena they encounter. We
chose to support students’ conceptual understand-
ing in favour of developing students’ experimental
skills, as conceptual difficulties were expected due
to the complexity associated with learning the
particle-in-a-box model [17].

3. Method
The worksheet was designed in three micro cycles
of (re)design, test, and analysis (see figure 2). The
micro-cycles should provide insight into how the
lesson around the worksheet should be structured.
Two students worked with the designed worksheet
for 40 min in the test phase of each micro cycle.
The students were asked to think aloud [18] when
answering the questions on the worksheet and
using the simulation. The students’ discourse was
audio recorded and transcribed to be able to mon-
itor their developing understanding and identify
their reasoning whilst working with the worksheet
and simulation.

Figure 2. Three micro cycles of design, test, and
analysis.

The main researcher moderated each session,
asking students to elaborate on their thoughts
and summarizing students’ answers, checking
whether the interpretation was in-line with the
thoughts of the students [19]. The researcher
would only interfere with a short explanation or
a thought-provoking question or remark to help
when students were stuck with a specific task.

January 2024 3 Phys. Educ. 59 (2024) 015031
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Six students (aged 17–18—two girls and four
boys) from one school in their last year of pre-
university education participated in the study.
Above-average achieving students were selected
to ensure that a lack of physics knowledge and
skills would not hinder them. Prior to the study,
the students had taken two introductory lessons
on QP.

An interim- and post-hoc analysis were con-
ducted on the three thinking aloud sessions. The
first consisted of reading the field notes and listen-
ing to the audio recordings to uncover redesign
steps for the worksheet. The post-hoc analysis was
done on the transcriptions to uncover whether stu-
dents developed an understanding of the QP con-
cepts involved and to identify possible learning
difficulties students had. This analysis was used
to evaluate design decisions that were made after
the interim analysis and to explore how design
principles held up in practice. Together these ana-
lyses revealed the ways the students used the
simulation in addition to the worksheet, revealed
any difficulties they had while working with the
worksheet, and provided an indication on how a
designed lesson using the worksheet would per-
form in class serving all students.

4. The design of the worksheet
The five phases of Pedaste et al inquiry cycle
[20] were used to structure the sequence of
the worksheet. Questions at the start of the
worksheet were on orientation: what concepts
do we need before exploring the simulation?
Conceptualisation phase questions were on dis-
covering the classical behaviour of a particle in
a 1D square potential well. Investigation phase
questions were on the behaviour of an electron in
a 1D square potential well using the ‘QBS’ simu-
lation to explore the particle-in-a box model. The
conclusion phase focussed onwhat the student has
now learned about the classical and QP case and
how both differ. The worksheet design did not
incorporate the discussion phase, as we believed
it should take place within student groups or even
involve the entire class, under teacher guidance.

Five design principles formed the basis to
the worksheet (see table 1), where each prin-
ciple relates to elements the worksheet contained
to facilitate the inquiry-based learning of the

particle-in-box model using the ‘QBS’ simula-
tion. The first three principles were based on a
literature review and on a context analysis repor-
ted on elsewhere [21]. The fourth and fifth design
principle were formulated after the post-hoc ana-
lysis, and are based on the design decisions made
after each micro cycle and the insights obtained
from the three thinking-aloud sessions.

4.1. DP1: provide guiding questions

Guiding questions structuring students’ inquiry
learning, facilitating peer discussion, and avoid-
ing ‘learning by doing’ or ‘trial and error’ while
using the simulation were included to operation-
alise this principle [22]. These questions support
students’ exploration and use of the simulation
allowing them to focus on underlying principles
governing the simulation’s behaviour rather than
the required experimental procedures [2, 7] allow-
ing them to test their hypotheses. These ques-
tions also served to elicit peer discussion where
students discuss together referring to the results
shown by the ‘QBS’ simulation (see [7]).

The students were able towork freelywith the
interactive simulation during the thinking aloud
sessions. The simulation was linked to the text and
questions in the worksheet, as was apparent from
the student discourse. ‘That [the purple line in the
simulation] indicates how the electron is able to
move within the atom, or no, the molecule (stu-
dent 1).’ The students were trying to shape their
ideas on what they saw happening in the simula-
tion. They retrieved existing knowledge to make
sense of the workings of the simulation. ‘The col-
our of the dye has something to do with it, because
that has something to do with wavelength, or
with the amount of energy, do not you think?
(student 1).’

Students went back and forth from the ques-
tions in the worksheet, to their discussion and kept
gesturing at what was visible on the screen. The
students were able to discover and formulate that
certain energy levels were possible, when asked to
explain the different lines in the simulation. ‘Well
that is of course because there are different energy
levels and… if you calculate the kinetic energy
then you only have discrete values (student 5).’
Discussing the guiding questions together with
their peers helped students feed off each other’s
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Table 1. Design principles for designing a ‘QBS’ simulation-based inquiry learning worksheet.

Design principle

DP1 Provide guiding questions structuring student inquiries and elicit peer discussions,
DP2 Draw students’ attention to counterintuitive results comparing classically expected

outcomes with results shown in the interactive simulation,
DP3 Include the context of a π-electron in a molecule as a real-life application of the

particle-in-a-box model,
DP4 Take students’ conceptual difficulties into account e.g. by adding explanatory text

and changing or omitting words that could confuse,
DP5 Use an analogy of a classical particle in a square potential to discuss the

differences between the classical and QP model.

ideas, attaining the correct interpretation and real-
ise that they uncovered the required answer. For
instance, when asked to explain what happens
when the 1D square potential increases in length;
‘Then the energy levels actually become, … they
come closer together and … then automatically
more are added (student 1). Does the number [of
energy levels] remain the same (student 2)?’ ‘No,
look if I make it [the potential well] smaller, there
will be less (student 1). They seem to be com-
pressed. Then more lines are added from above
(student 2). Yes, they just become, the energy levels
become narrower and therefore more are added
[…] no, there is less difference between the energy
levels (student 1).’

4.2. DP2: draw attention to counterintuitive
results

Explicitly drawing students’ attention to counter-
intuitive results should trigger a cognitive conflict
seen as a fundamental characteristic for concep-
tual change [23]. Students need to undergo the
process of conceptual change [24] from a determ-
inistic towards a probabilistic worldview [25, 26].
Contrasting students’ ideas with the scientific-
ally correct ones using interactive simulations
for inquiry-based learning [5] aids to elicit stu-
dents’ prior ideas and challenges them, promoting
conceptual change and conceptual understanding
[13]. Students were asked in the worksheet to
reflect on the differences between classical and
QP molecular models based on the information
presented by the simulation see [8]). The stu-
dents interpreted the simulation more and more
as each session went on. Towards the end of the

session they were able to correctly interpret the
simulation and link the workings to the QP model
provided. ‘Because at the purple line…..ohhh, I
get it, because at the purple line he [the electron]
is actually out of the well. And this…here the top
green line it [the electron] is still in the molecule
because then it is in one of those excited states.
So you should use the purple line and the ground
state. So then you get 10 minus 0.30 which is 9.7
electronvolt (student 5).’

4.3. DP3: include the ‘π-electron in a
molecule’ as context

We included ‘π-electron in a molecule’ as a con-
text to explore the QP behaviour of an electron,
because it is a real-life application of the particle-
in-a-box model [3]. The QP behaviour of a π-
electron in a molecule is different from what one
would expect classically (e.g. energy quantisation
and the different probability distribution). The
worksheet started with a brief description of a π-
electron and its behaviour in respect to other (σ-)
electrons in the molecule. Teachers can struggle
to convey the relevance of QP to their students
due to a lack of available contexts [21]. The ‘π-
electron in a molecule’ can help provide con-
text, since it can be used to understand the col-
our of dye molecules and how different dyes can
be made by changing the length of the molecule
[3], and promote relevance which can motivate
students to go through a process of conceptual
change.

Students had difficulties understanding the
differences between π- and σ- electrons during the
thinking aloud sessions. In the first two sessions,
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students were asked to describe the behaviour
of a π-electron in a butene molecule. They had
problems understanding that a π-electron could
move freely on the molecule. Students held on
to molecular models learned in chemistry class to
reason about the position and movement of the π-
electron. ‘With a high energy you have many dif-
ferent places on the molecule where it [the elec-
tron] can be… That potential well applies to the
entire molecule… […] So you could say, a long
molecule at a higher total energy… it [electron]
can be here, here, here and here [points to the
probability distribution], but when it is lower [the
energy level] it [the electron] is only in the middle
(student 3).’

We used the unfamiliar cyanine molecule (a
particular dye molecule) to help students under-
stand the difference between π- and σ-electrons
for the third session, presuming that this new con-
text made it easier for students to explore the π-
electron model as this did not conflict with their
understanding of electron configurations learned
in their chemistry lessons. It remained difficult for
both students in the last session to accept that a π-
electronwas not bound to an atom in themolecule.
‘It [the purple lines] just indicates where those
electrons can bond. If I understand correctly, that
is the [potential] well around an atom and it [the
electron] can bind to that atom (student 6).’

4.4. DP4: account for conceptual difficulties

We focussed the redesign of the worksheet to
account for conceptual difficulties observed dur-
ing the thinking aloud sessions. These difficulties
were that students (a) described wave functions as
trajectories of the electron, (b) viewed a potential
well as physical object, (c) thought that a change
in amplitude meant a change in energy, (d) held on
to inappropriate classical (molecular) models, and
(e) struggled to activate prior knowledge related to
energy diagrams.

During the first thinking aloud session, for
instance, a student viewed the potential well as a
physical well; ‘I just really see it as a well that
you have to get out of when you jump (student
1).’ After this session, an explanatory text was
added to the worksheet explaining that a potential
well is not an actual well, but a space in which

the forces acting on the electron bind it to the
molecule.

We observed that students had difficulties
understanding what ‘potential’ in potential well
meant. In the final version of the worksheet poten-
tial well has been replaced by energy well, in line
with the textbook students use. Students lacked
prior knowledge of energy diagrams as they
had difficulties reasoning with negative potential
energy. ‘Yes, but you cannot potentially have less
than what is potent as it were, what it can poten-
tially deliver, so negative [energy] does not seem
logical to me (student 2)’. We therefore decided
to exclude questions on negative potential energy
from the worksheet not to overcomplicate their
inquiries.

4.5. DP5: use a classical analogy

We used a ‘tennis-ball-in-a-tube’ analogy in the
third session, see figure 3, to help students reason
about the classical case of a particle in a square
potential, to the discuss the differences between
the classical and QP model of the object. The
first two sessions revealed that students lacked
prior knowledge of energy diagrams as they for
instance had difficulties expressing how a clas-
sical object would behave in a square potential
well (e.g. having a continuous energy distribu-
tion). The third session showed that this helped
students to activate their prior knowledge; ‘So
you just accelerate the ball, so in principle it can
have all possible speeds (student 6). Yes indeed
[…] and it can therefore have all energy levels
(student 5).’

Students 5 and 6 were able to map the ‘tennis-
ball-in-a-tube’ analogy onto the ‘π-electron in a
molecule’ model. ‘I think the ball is the elec-
tron (student 5). Yes, that ball is the electron
and I think that the tube is the molecule (stu-
dent 6).’ We did not find any evidence that the
‘tennis-ball-in-a-tube’ analogy supported the stu-
dents to map their understanding from the clas-
sical physics domain, triggered by the analogy,
onto the abstract QP particle-in-a-box model see
[27]). We hypothesise that this mapping from
the classical source domain onto the abstract QP
target domain was not observed due to time-
constraints [28].
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Figure 3. The tennis ball-in-a-tube analogy.

5. Conclusion

This paper examined how a worksheet can be
designed for the upper secondary school level
combining inquiry-based learning, peer discus-
sion, and the use of the ‘QBS’ simulation and was
improved through three thinking-aloud sessions in
which students worked with the worksheet and the
simulation. The results suggest the thus designed
worksheet has the potential to support upper sec-
ondary students’ understanding of the particle-in-
a-box model.

The worksheet was designed to guide stu-
dents’ structured inquiry-based learning by
providing explanatory text and guiding questions.
The worksheet supported student learning by
providing questions that drew students’ attention
to counterintuitive results by comparing classical
and QP results, helping students challenge their
beliefs and monitor their understanding through
immediate feedback from the simulation, pro-
moting a process of conceptual change [5]. The
context of a ‘π -electron in a cyanine molecule’
was added to make the abstract particle-in-a-box
model more concrete for students by applying it
to the real-life context, increasing relevance and
student interest [3].

Conceptual difficulties were observed during
the three thinking-aloud sessions hindering stu-
dents’ inquiry learning as students had difficulties
interpreting the data presented in the simula-
tion correctly [29]. Words that triggered students’
conceptual difficulties were changed see [30].
Questions that students found difficult and did not
contribute to students’ understanding of the main
concepts involved were deleted. Explanatory text
was added to the worksheet targeting students’
conceptual difficulties which in turn was found

to support students’ conceptual change process
[31].

Students held on to the incorrect epistemo-
logical assumptions that electrons are bounded to
one particular atom in the molecule. The students
could not discern between π- and σ- electrons,
as they ignored the explanatory text in the work-
sheets that π-electrons can move freely on the
entire molecule. Students might have ignored this
information because they assume that scientific
content learned in chemistry class is scientifically
correct and holds in this new context see [32].
Future research could explore the possible under-
lying reasons.

We acknowledge the limitations of this study
due to the Dutch school context and the small
sample size. The Dutch school context is reflected
in the physics and chemistry knowledge students
have gained per school year. International read-
ers might find their students coming across QP or
mentioned chemistry content at a different year or
in a different manner. The design principles can
be used to rethink and redesign an own worksheet
for the own school context even though the prin-
ciples are tentative. More research is required to
further develop these principles. For example, the
design principles could be more specific about the
types of guiding questions or supports provided
to address particular conceptual difficulties. Other
analogies or contexts could be used producing
comparable results.

Six above-average students participated in
this study ensuring students were able to provide
valuable feedback on worksheet design before
implementation. We saw the worksheet improve
as students needed less support learning with the
simulation from one session to the next. In the
last session, the students were able to answer most

January 2024 7 Phys. Educ. 59 (2024) 015031



T Bouchée et al

questions on the worksheet without assistance.
Together, these findings gave us confidence that
the final lesson design would hold up in classroom
practice. Future research can investigate how the
worksheet holds up when used by all students.
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