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Evaluation of a new teaching-learning sequence on the particulate nature
of matter using crystal structures
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Although there has been extensive research on students’ understanding of the particulate nature of matter
(PNM), there is still a lack of research on contexts that can be used to teach this challenging topic. In a
previous design-based research study, the authors developed a teaching-learning sequence (TLS) on the
PNM in the context of crystal structures based on 40 student interviews using the method of probing
acceptance. Data suggested that salt and snow crystals form an effective context for learning the concept of
emergence and therefore gaining a better understanding of the PNM. To test whether the TLS also promotes
students’ use of the PNM in a realistic classroom setting, a proof of principle study was conducted. In six
eighth-grade classes in Vienna, students’ use of the PNM was assessed with a pretest before they were
taught the TLS during four lessons. After the intervention, students were given a post-test. Open-ended
questions were coded using evaluative qualitative content analysis so that quantitative analysis could be
applied. T-tests comparing the means of students’ scores on both tests show significant improvements in
students’ use of the PNM in the post-test. The context of crystal structures seems to be helpful to students,
as most of them use the PNM when asked about crystal formation. In addition, in the post-test, students
more often accepted the idea of empty space between particles and associated particle motion with
temperature. However, when asked about phase changes, most students remained in a continuous

conception of matter.
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I. INTRODUCTION

The particulate nature of matter (PNM) is a key concept
in science education in many countries. Consequently, it
has already been extensively researched. Some of this
research has focused on documenting students’ difficulties
and misconceptions in this field [1-3], while others have
developed methods to overcome those difficulties [4,5].
Further research has described students’ progressions
when learning about the PNM throughout their school
careers [6-8]. Nevertheless, there are still aspects of
teaching and learning the PNM that require further inves-
tigation. Following a meta-analysis on the effectiveness of
PNM-based intervention studies, Calik et al. [9] argued that
research in this field should provide better contexts to teach
the PNM. By better understanding the relationships
between the context and the PNM, it might be possible
to improve students learning.
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In a previous study [10], the authors utilized the context
of crystal structures to develop a teaching-learning
sequence (TLS) on the PNM. ATLS is designed to enhance
teaching and learning by integrating findings from educa-
tional research into practice [11]. Research indicates that
the implementation of a TLS can be a significant factor in
influencing teaching and learning in classrooms [12—14].
There is an ongoing discussion on the development of
methodological frameworks to serve as guidelines for
the development and evaluation of TLSs [12,15-17].
One such framework, namely design-based research
(DBR), was used to develop our TLS on the PNM using
crystal structures.

The objective of this study was to ascertain whether the
TLS is conducive to students’ abilities to apply the PNM.
Additionally, we sought to ascertain teachers’ perceptions
of the TLS, with a view to identifying any potential
difficulties they may have encountered in implementing
the TLS in their classrooms.

II. THEORETICAL FRAMEWORK
A. Teaching and learning the PNM

Given the significance of the PNM in science education,
there is a substantial corpus of theoretical knowledge on
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teaching and learning the PNM in science education
research. Consequently, we will limit our discussion to a
few theoretical aspects that are particularly relevant to
our work.

Research on students’ conceptions of the PNM forms an
important basis for understanding how students process
new information on that topic. Although most students are
familiar with terms like “atom” or “molecule,” they tend to
view matter as continuous [18-20], as this is more in line
with their everyday experiences. When trying to make use
of the PNM, students often apply properties of macroscopic
matter to atoms and molecules [1,21,22]. For instance,
students believe that the volume of atoms increases when
an object is heated because the size of the object itself
increases [23,24]. This kind of conception is referred to as
hybrid, as students integrate newly learned information
while still applying nonscientific concepts [25]. This also
results in students experiencing difficulties with the idea
that there is nothing between particles [26]. Although
students accept the existence of particles, they tend to
believe that these particles are embedded in a continuous
substance. For example, they believe that there is always air
between the particles because they perceive that everything
is surrounded by air in their everyday experience [27].

Another significant area of research concerns different
methodological approaches and their suitability for learn-
ing the PNM. Computer simulations [28-30], computer
animations [5,31,32], or other digital learning environ-
ments [4] are frequently employed to illustrate interaction
at the particle level. Regarding the connections between
macroscopic and submicroscopic levels, approaches based
on multiple representations have been investigated in
particular [33,34]. Moreover, students should be persuaded
of the veracity of the PNM through the observation of
experiments [35-37].

In addition to different methodological approaches,
various contexts for the introduction of the PNM have
already been tested. Commonly encountered are phenom-
ena from thermodynamics such as diffusion [30,38], the
behavior of gases [39], and fire and ice [40]. Since a
fundamental understanding of the behavior of particles is
necessary for (statistical) thermodynamics, this context is
particularly closely related to the learning objectives of the
PNM. In contrast, other approaches attempt to demonstrate
the importance of the PNM by presenting phenomena that
cannot be explained without the assumption of atoms. For
example, observations of images produced by scanning
tunneling microscopes suggest the existence of atoms
[41,42]. Natural phenomena, such as the regular geometric
shape of salt crystals, can only be explained by assuming
the existence of atoms [43-45].

Another relevant aspect of teaching the PNM is the
consistent use of terms that connect to scientific language
but avoid its complexity and partly historically grown
contradictions [46]. The term “particle” is not a clearly

defined term in everyday language and can be associated
with dust particles or grains of sand in addition to atoms,
molecules, and subatomic particles [47]. Another argument
against the use of the term “particle” in teaching has been
made by Pfundt [48]. According to her, the frequently used
approach of mentally dividing matter further and further
until indivisible particles remain at a certain point rather
leads to the transfer of macroscopic properties to atoms. If,
for example, a piece of yellow sulfur is divided into smaller
and smaller particles, it is not surprising if students assume
that these particles are also yellow [49].

Representations also play an important role in teaching
the PNM. Since atoms and molecules are inherently
invisible, visualizations are necessary in the classroom to
illustrate their fundamental properties. However, the preva-
lent visualizations of atoms and molecules in the form of
small spheres [50] can potentially lead to misconceptions
[51]. Wiener et al. have therefore proposed the use of
typographic representations as an alternative to spherical
representations [46]. Their acceptance has already been
investigated in the context of the atomic model and the
PNM and was received positively by students [52,53].

Additionally, insights into the design of a TLS on the
PNM can be found in the field of conceptual change
theories. For instance, Chi explains the challenges students
face in comprehending the PNM due to misconceptions at
the ontological level [54]. A multitude of phenomena
associated with the particle model adheres to an emergent
ontology, whereby the properties of the system emerge
from the interaction of its components. The properties of
the system are distinct from the properties of the compo-
nents. Emergent phenomena occur in physics whenever the
number of submicroscopic constituents tends to infinity
[55]. This is exemplified by phenomena such as temper-
ature, pressure, heat transport, or diffusion. However,
students are usually unfamiliar with emergence, as it does
not play a role in their everyday experiences. Therefore,
they interpret emergent phenomena with a direct-causal
schema. For example, students tend to explain the cooling
of an object by the release of “hot particles” because this
“narrative-like” explanation is more familiar to them [56].
Consequently, Chi et al. [38] emphasize that students must
first be familiarized with an emergent ontology to under-
stand the PNM.

B. Development of a TLS within the framework of
design-based research

How can these implications from theory be used in
classroom practice? One answer to this question can be
found in the development of teaching-learning sequences
(TLS). “ATLS is both an interventional research activity and
a product, like a traditional curriculum unit package, which
includes well-researched teaching—learning activities empir-
ically adapted to student reasoning” [15]. Over the past
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FIG. 1. Process of design-based research (source: own illus-
tration adapted from Ref. [60]).
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decades, several frameworks for developing TLSs have been
developed [14].

One branch of the studies on TLS design and imple-
mentation uses design-based research (DBR) [57]. This
methodological framework takes up problems from class-
room practice and seeks theory-driven solutions through
cyclical testing, evaluation, and further development of
learning opportunities [58]. Given its focus on theory and
practice [59], the goal of DBR is to develop instructional
designs, as well as to generate local theories about teaching
and learning the subject matter at hand [60]. Figure 1 shows
the cyclical progression of a DBR project.

The concrete translation of theoretical findings into
guidelines for classroom practice occurs through design
principles that guide the research process [13]. Haagen-
Schiitzenhofer and Hopf [60] distinguish between general
and domain-specific design principles. While the former
primarily influences fundamental decisions about teaching
and learning, the latter relates specifically to the learning of
the subject matter (here: the PNM). Design principles are
theory-driven and are continuously developed during the
cyclical course of the DBR process.

C. Research question

Despite great efforts in science education research, the
PNM is still a difficult topic for students to learn and there
is a lack of different contexts for teaching the PNM.
Therefore, the authors aimed to develop and evaluate a
TLS within the methodological framework of DBR.
Several cycles in DBR have already been carried out to
develop the instructional design. The present study is

TABLE L

Evaluation of the TLS in the classroom

questionnaires gm
& ~v-130)

(pre- and posttest)

Research on the improved version
of the TLS (N = 10)

Research on the first version of the TLS (N = 12)

Research on three different arguments motivating
the PNM (N = 18)

" Research on students' unterstanding of common
experiments on the PNM (N = 20)

FIG. 2. Sequence of iterations in the DBR project. Results from
cycle 1 are published in Ref. [36]. Results from cycles 2 to 4 in
Ref. [10]. Cycle 5 is the present study (source: own depiction
adapted from Ref. [60]).

dedicated to the evaluation of the instructional design,
which leads to the following research question:

Is the developed TLS, based on empirically evaluated
design principles, effective in promoting students’ use of
the PNM?

III. TLS DESIGN AND EVALUATION

Following the framework of DBR, a TLS on the PNM
was developed through multiple iterations of design,
evaluation, and analysis. Figure 2 shows the sequence of
iterations in the DBR project.

A. Development of the design principles and key ideas

As a result of the first four iterations of the DBR project
(see Fig. 2), four domain-specific design principles and
seven key ideas were found to improve students’ use of the
PNM (see Tables I and II). We here describe these only
briefly, for a detailed report, see Budimaier and Hopf [10].

The choice of crystal structures as the context for
introducing the PNM was based on the idea of
Franzbecker and Quast [43]. Results from the DBR project
suggested that crystal structures allow students to connect
macroscopic and submicroscopic levels of matter [10].
Teaching them the emergent ontology [38] and emphasiz-
ing the emergent aspects of the PNM further helped

Domain-specific design principles developed throughout the first four cycles of the DBR project.

Domain-specific design principles

DP 1: Using crystal structures as a starting point for the introduction of the PNM.

DP 2: Use of “building blocks” instead of “particles.”
DP 3: Stressing the emergent aspects of the PNM.

DP 4: Using typographic representations instead of ball-shaped drawings of atoms and molecules.
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TABLE II.

Key ideas developed throughout the first four cycles of the DBR project.

Key ideas

KI 1: Everything that can be touched is imagined to be composed of very many, small, nonvisible building blocks.
KI 2: The properties of a building block are not the properties of the object.

KI 3: The bonding of the building blocks determines the properties of the object.

KI 4: The movement of the building blocks determines the temperature of an object.

KI 5: At the melting point, the bond becomes flexible, and the rigid structure disappears.

KI 6: There is nothing between the building blocks.

KI 7: At the boiling point, the bonding of the building blocks ceases and they move away from each other.

students to make that connection. To avoid misconceptions
based on flawed representations of atoms and molecules as
small spheres [51], we decided to use typographic repre-
sentations, based on the idea of Wiener et al. [46]. Based on
previous research [48], we decided to use the term “build-
ing blocks” instead of “particles,” to also avoid miscon-
ceptions based on the fact that “particle” is not well defined
in everyday language [47].

The seven key ideas (see Table IT) were also influenced
by the domain-specific design principles. For example,
atoms and molecules are always referred to as “building
blocks,” and the emergent aspects of the PNM are
explained in key idea 2. The key ideas were not formulated
all at once but were developed over the first four cycles of
the DBR project. New key ideas were added with each
cycle to increase the explanatory power of the TLS and to
respond to students’ needs. For example, key idea number 6
was added after some students mentioned that they could
not imagine that there is nothing between the building
blocks. In addition, existing key ideas were adjusted when
the results from the previous cycle showed that students
were having difficulties learning that key idea. The order of
the key ideas was also changed several times.

B. Development of the teaching materials

Given the overall satisfactory results in cycle 4, the TLS
was considered ready to be tested on a larger scale in
classrooms. To increase the likelihood that teachers would
volunteer to participate in the study with one of their
classes, the researchers decided to keep the number of
lessons to a minimum. The goal was to incorporate all
seven key ideas into 4 h of instruction.

The domain-specific design principles and key ideas
guided the creation of the instructional materials. Snow and
salt crystals serve as the context for teaching the PNM
because the formation of crystals can only be explained in
terms of their atomic structure. Since the shape of the
crystal results from the lattice structure and not from the
shape of the individual atoms, students need to distinguish
between the properties of substances and those of particles.
To help students understand the underlying concept of
emergence, several examples from everyday life, such as
jigsaw puzzles or pixels on a screen, are used. When

students see that the building blocks of a puzzle have a
different shape than the puzzle itself, they can apply this
idea to the building blocks of a salt crystal. To visualize this
connection, 3D-printed models of crystal structures are
used. To emphasize the different properties of particles and
substances, atoms and molecules are represented by their
chemical symbol. In this way, students are encouraged to
understand the relationship between building blocks and
matter and to build their own mental model of matter. By
the end of the TLS, they should be able to apply this model
in small hands-on experiments, such as compressing air in a
syringe and making assumptions about why this is possible.

To get students thinking about the PNM, several work-
sheets were created with tasks for students to complete
alone, in pairs, or in groups. For example, in the first lesson,
students should watch a video about the formation of salt or
snow crystals and then explain what they saw in the video
to a classmate. Students should use 3D-printed crystal
structures to investigate how the crystals are formed. Over
the course of the four lessons, students were given a total of
seven worksheets, which covered everything they would
later be asked to do in the post-test on a conceptual level.

Teachers who participated in the study received a manual
that included a description of the key ideas, design
principles, and detailed planning for the four lessons,
including learning objectives and materials to be used.
Teachers were free to use the lesson plans as they were or to
adapt them according to their preferences or the needs of
their classes. Teachers were also given a presentation file
with several slides for each lesson. The slides included key
ideas, illustrative graphics, and videos of simple experi-
ments. There were also materials for teachers to demon-
strate, such as small experiments or 3D-printed models to
support the teacher’s explanations.1

C. TLS evaluation

A pre-post test format was chosen to examine students’
performance. For the pretest and post-test, mostly the items
from the interviews in cycles 3 and 4 were used, supple-
mented by some items from a German translation of the

'All teaching materials can be accessed via the following link:
https://tinyurl.com/33dp2424.
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Chemistry Concept Inventory (CCI) [61]. There were both
single-choice and open-ended items. The same items were
used for the pretest and the post-test.

To evaluate the pretest and post-test items, a small pilot
study was conducted. First, a test containing all items was
administered to six students from a school where the first
author teaches. All students had previously been taught the
PNM. The students not only answered the questions but
were also asked to explicitly tell the researcher if they had
any problems or did not understand the questions. As the
main problem, most of the six students thought that the test
was too long. In addition, they did not use the PNM to
answer the open-ended questions. To address these issues,
the authors then met with other members of their working
group to discuss possible revisions to the test. The
discussion resulted in several changes being made to the
pretest and post-tests. One item required students to do a lot
of reading because it consisted of 13 statements that
students had to decide were true or false. The number of
statements was reduced by more than half. To make it
clearer to students how to answer the open-ended ques-
tions, each item explicitly stated that they should use the
PNM for their answer. In addition, several minor changes
were made to most of the items. The refined version of the
pretest was then administered to a class of 23 students.
Because some students still took a long time to answer the
questions, one more item was removed from the pretest.

The final version of the pretest consisted of seven general
questions about the PNM, which the students should
already have known from previous instruction according
to the national curriculum in Austria. The post-test con-
sisted of 11 questions: 7 questions from the pretest and 4
questions more specific to the TLS.

Four teachers from three different schools in Vienna
agreed to teach the TLS to an eighth-grade class. The
teachers’ experience in teaching physics ranged from 2 to
6 years. All principals of the schools agreed to the
implementation of the study. Informed consent was
obtained from all parents of participating students.
Teachers were also instructed on how to administer the
pretest and post-tests in a way that would not reveal the
identities of the students. For 130 students, a dataset of
pretest and post-tests was gathered. An overview of the
sample is shown in Table III.

TABLE III. Sample of students participating in the study.
School Teacher Class Number of students
I A 1 23
2 22
B 3 25
4 22
I C 5 20
il D 6 18

Our aim in this study was to test the feasibility of the
TLS in some classrooms. Rather than trying to create
generalized findings, the goal was to find what is com-
monly referred to as existence proof or proof of principle
[62,63]. As stated in the research question, we wanted to
see if the developed TLS, which already worked with
students in one-on-one interviews, can also enhance stu-
dents’ use of the PNM in a realistic classroom setting. This
approach, looking for “what works” and not for generalized
statements, is characteristic of DBR as it aims to work on
problems from classroom practice, which are influenced by
a huge number of factors [58,63].

Given the aim and purpose of the study, students were
not divided into experimental and control groups, i.e., this
was not a randomized controlled trial (RCT). RCTSs stem
from research in agriculture, where different treatments and
their effect on crops should be tested and are often applied
in the natural sciences. In contrast to natural sciences,
teaching and learning in a classroom cannot be described
by causal laws. Therefore, using RCTs in education
research is often criticized. [63]. Rather, the purpose of
our study was to investigate whether the TLS would
encourage students in the sample to use the PNM at all.
Using a control group would have been difficult as, e.g., the
context of crystal structures would not have been taught in a
more traditional approach to the PNM. Likewise, a relevant
number of other studies engaging in the evaluation of a TLS
[64—71] also did not use a control group.

Furthermore, it was of interest whether teachers were
able to implement the TLS in a meaningful way. Therefore,
each teacher was interviewed by the first author to get
feedback on how the implementation of the TLS worked
out. The interviews were semistructured, each teacher was
asked a minimum of five basic questions, but depending on
the course of the conversation, the interviewer also asked
additional questions to gain more insight. All interviews
were recorded with the permission of the teachers and later
transcribed for qualitative content analysis.

For data analysis, student responses from the paper and
pencil tests were transferred to a spreadsheet for further
processing. The open-ended responses were coded on the
item level using evaluative qualitative content analysis [72].
In this type of qualitative content analysis, a set of
preexisting categories is used to code the material.
Categories for coding were based on students’ different
mental models of matter [18]. If students correctly applied
the PNM, their response to an item was coded as “par-
ticulate model.” If the students used the same properties for
particles as for macroscopic materials in their response to
an item, it was coded as “hybrid model.” If students did not
use particles at all in their explanation, their answer to that
item was coded as a “‘continuous model.” Thus, the coding
focused specifically on students’ use of the PNM. Students
could answer an item correctly on a macroscopic level, but
without using particles in their answer, the coding, in that
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case, would have been a continuous model. Interrater
reliability was examined by two researchers from the
authors’ working group using 10% of the dataset.
Cohen’s kappa was calculated to be x = 0.73. This repre-
sents a good interrater agreement [73].

Responses to the open-ended and closed-ended ques-
tions were then converted into scores for use in a quanti-
tative analysis. Wrong answers to the closed-ended
questions were coded as O points and correct answers
were coded as 1 point. For the open-ended questions,
students received O points if the answers were based on the
continuous model, 1 point if it was based on the hybrid
model, and 2 points if it was based on the particulate model.
Therefore, all items are ordinally scaled. The analysis was
performed in jasp, a free statistics program [74]. Because
the data are ordinal scaled, only nonparametric tests can be
used. The Wilcoxon singed-rank test was used to test
whether the differences between students’ responses in the
pretest and post-test were statistically significant. To gain
an insight into the overall performance of the students in the
pretest and post-test, the sum of their scores on the seven
identical questions from the two tests was compared.
Therefore, a paired samples ¢ test was used to calculate
Cohen’s d for each class individually as well as for the sum
of all participants.

The transcripts of the interviews with teachers were
analyzed using structuring qualitative content analysis [72].
In contrast to the evaluative content analysis used with the
open-ended questions from the pretest and post-test, the
goal was not to find preexisting categories in the data.
Rather, teachers’ ideas about the TLS were to be identified
through an inductive analysis of the transcribed interview
data. Coding was based on the five questions in the
interview guidelines. First, sections of the transcript con-
taining answers to one of the five questions were marked.
The content of the marked sections was then examined for
relevant statements made by the teachers. Each statement
was given a code in order to make it possible to compare
the statements of the individual teachers. If the same code
was assigned to the statements of several teachers, this
statement was considered relevant for the presentation of
the results.

IV. RESULTS

The results are based on the scoring of the pretest and
post-test as well as the interviews. For comparison between
the pretest and the post-test, the seven items that were part
of both tests were used. Items that were only part of the
post-test were analyzed separately.

A. Pre-post comparison

Overall, students used the PNM more often in the post-
test than in the pretest. The Sankey diagram (Fig. 3) shows,
how many students answered a question within the same

continuous model post

137

continuous model pre

189
! 4 4
hybrid model post
/ 34

particulate model post

hybrid model pre
48

particulate model pre LS
49
FIG. 3. Sankey diagram of students’ mental models of matter

before and after the intervention. Note that the numbers are
pooled responses to the three open-ended questions that were the
same on pretest and post-test. Students’ answers to these
questions were excluded from the analysis if they did not answer
both the pretest and the post-test (source: own illustration using
sankeymatic.com).

mental model in both tests and changed their mental model
from pretest to post-test. In the pretest, most of the students’
answers can be described as a continuous model of matter,
followed by a hybrid model and a particulate model. In the
post-test, the continuous model is still the most prevalent,
although fewer students’ responses fall within that model.
Fewer students use a hybrid model while students’ use of
the particulate model more than doubles. The most notice-
able changes are students switching their answers from a
continuous to a particulate model and students switching
from a hybrid to a particulate model. However, most of the
students’ answers that were in the continuous model in the
pretest remained in that model in the post-test.

A paired-sample ¢ test was conducted to compare the
means of students’ scores in the pretest and post-test. As the
pretest and post-test consisted of a different number of items,
only the seven items that were the same in both tests were
used for comparison. If a student had answered all of these
seven items correctly, meaning that they always applied the
PNM, they would have scored 14 points (how the points were
awarded is explained in Sec. III C). Students’ mean scores
were 5.38 out of 14 points (SD = 2.54) in the pretest and
7.34 out of 14 points (SD = 3.01) in the post-test. The ¢ test
showed a significant difference between those means as
1(130) = —7.03, p < 0.001. The effect size, measured by
Cohen’s d, was d = —0.62, indicating a medium effect [75].
The negative effect size indicates a higher score on the post-
test. Table IV shows different effect sizes for the six classes of
students who participated in the study. Five out of the six
classes scored significantly higher on the post-test than on the
pretest. Cohen’s d varies from small (d; = —0.428) to very
large effects (dy = —1.451). Class 5 scored lower on the
post-test than on the pretest (ds = 0.033). Possible reasons
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TABLE IV. Comparison between pretest and post-test in different classes (paired samples 7 test). For all tests, the
alternative hypothesis specifies that the pretest is less than the post-test.

Class Mean pretest Mean post-test t d.o.f. P Cohen’s d
1 5.826 7.043 —2.053 22 0.026 —0.428
2 4.182 6.773 —3.694 21 <0.001 —0.787
3 6.240 8.520 —4.174 24 <0.001 —0.835
4 4.136 8.273 —6.807 21 <0.001 —1.451
5 5.250 5.150 0.149 19 0.558 0.033
6 6.722 8.056 —1.856 17 0.040 —0.437
All 5.377 7.338 —7.032 129 <0.001 —-0.617
why students in class 5 could not benefit from the TLS are =~ measured by the rank-biserial correlation is rgz = —0.56,

discussed in Sec. VA.

Table V shows the results of the Wilcoxon signed-rank
test for the seven identical items in the pretest and post-test.
Since item 1 consisted of five questions asking students to
rate whether a statement is true or false, the total number of
compared measures was 11. Table V shows that for 6 of
these 11 items, the difference between the pretest and post-
test is statistically significant as p < 0.05.

Three out of these six items are related to the idea that
there is nothing between the particles (1b, 2, and 7). In item
1b, students were asked if they agreed with the statement
“There is empty space between the building blocks.” There
was a significant difference in students’ mean acceptance of
this statement between the pretest (M = 0.51, SD = 0.50)
and the post-test (M = 0.70, SD = 0.46); z = —2.69,
p < 0.001. The effect size measured by the rank-biserial
correlation is rg = —0.40, which represents a medium
effect [75]. In item 2, students were asked what is between
two adjacent water building blocks when the water has
evaporated. They could choose from three options: “air,”
“water vapor,” or “nothing.” In the post-test, significantly
more students chose the correct answer ‘“nothing”
(M =0.43, SD =0.50) than in the pretest (M = 0.20,
SD =0.40); z= —-3.45, p <0.00l. The effect size

indicating a large effect. In item 7 (11 in the post-test),
students were asked why a sealed syringe filled with air can
be compressed. They were also asked to use the PNM in
their explanation. If they used the PNM correctly, their
answer would receive 2 points. If they used the PNM but
also applied misconceptions, their answer would receive 1
point. If they did not use the PNM, they would always
receive 0 points. On the post-test, significantly more
students gave answers based on the PNM (M = 1.53,
SD = 0.76) than in the pretest (M = 0.66, SD = 0.87);
7= —5.36, p <0.001. The effect size measured by the
rank-biserial correlation is rg = —0.89, indicating a large
effect. The data from these three items suggest that most of
the students accepted the idea, that there is nothing between
the building blocks in the post-test.

Two items with significant differences between pretest
and post-test (3 and 5) are related to the idea that the
temperature of an object is determined by the motion of the
particles. In item 3, students were asked: “What happens to a
single building block of water when water vapor is heated?”
The students were presented with four options, which they
could select according to their understanding of the phe-
nomenon in question. These were as follows: (a) “The
building block’s density decreases,” (b) “The building block

TABLE V. Wilcoxon signed-rank test. Note that for all tests, the alternative hypothesis specifies that pretest is less
than post-test. For example, la_Pre is less than 1a_Post. For the last three items, the numbers do not align because

the post-test had more items than the pretest.

Pretest Post-test w z )4 Rank-biserial correlation  SE rank-biserial correlation
la_Pre — la_Post 574.000 2204 0.994 0.400 0.179
Ib_Pre — 1b_Post 549.000 —2.694 <0.001 —0.400 0.147
Ic_Pre — 1lc_Post 632.500 —0.947  0.139 —0.148 0.155
ld_Pre — 1d_Post 627.000 —1.395  0.055 —-0.214 0.152
le Pre — le_Post 231.000 —0.617  0.243 —0.125 0.200
2 Pre — 2 Post 280.500 —3.446 <0.001 —0.560 0.161
3 Pre — 3_Post 375.000 —2.362  0.003 —0.388 0.163
4 Pre — 4 _Post 400.000 —2.114  0.008 —0.347 0.163
5 Pre — 8 Post 411.000 —3.301 <0.001 —0.503 0.151
6_Pre — 10_Post 242.500 —0.940  0.168 —0.185 0.194
7 Pre — 11 _Post 65.000 —5.364 <0.001 —0.889 0.164
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(a) Why do all snow crystals have six prongs?

100 —

80 —

60 —

Counts

40 —

20 -

0 -
[ I |
continuous modell hybrid model particulate model

(b) How can diamond and graphite have different
properties when they both solely consist of carbon?
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FIG. 4. Coded answers of students to questions in the context of crystal structures.

expands,” (c) the building block slows down, and (d) “The
building block speeds up.” In the post-test, a significantly
greater number of students chose the correct answer, option d
(M =0.61, SD=0.49) in comparison to the pretest
(M = 0.46, SD = 0.50); z = —2.36, p = 0.003. The effect
size measured by the rank-biserial correlation is rg = —0.38,
which represents a medium effect. In item 5 (item 8 in the
post-test), students were asked: “An iron ball does not fit
through an iron ring at room temperature. Describe what
could be done to make it fit through. Justify your answer with
the building blocks of matter!” Students’” answers were coded
in the same manner as with item 7 above. In the post-test, a
significantly greater proportion of students provided
responses based on the PNM (M = 0.79 and SD = 0.92)
than in the pretest (M = 0.46, SD = 0.72); z = —3.17,
p < 0.001. The effect size measured by the rank-biserial
correlationis rg = —0.49, representing a medium effect. The
data from these two items indicate that the majority of
students accepted the notion that the movement of the
building blocks determines the temperature of an object.
The final item with statistically significant differences
between pretest and post-test is item 4. In this item, students
were presented with the following scenario: “A balloon filled
with helium is pushed to the bottom of the swimming pool. It
immediately becomes smaller. How can this decrease in
volume be explained?”. Students were then asked to choose
from four different answers.” In the post-test, a significantly
greater proportion of students provided responses based on
the PNM (M = 0.75, SD =0.44) than in the pretest
(M =0.61,SD = 0.49); z = —2.11, p = 0.008. The effect
size measured by the rank-biserial correlation is rg = —0.35,
representing a medium effect. Students were less likely to

2(a) The cold water causes helium to become liquid; (b) The
helium building blocks are getting smaller; (c) Helium building
blocks migrate through the rubber skin of the balloon into the
water; (d) The distances between the helium building blocks
become smaller.

choose option b, indicating that they less often used the same
properties for particles as for substances.

B. Post-test analysis

In the TLS, the PNM was introduced via crystal
structures. In the post-test, students were required to answer
two single-choice questions. They were asked to select the
statement in a concept cartoon that most closely aligned
with their beliefs. The first question pertained to the
formation of snow crystals. Three statements were pre-
sented to explain why all snow crystals possess six prongs
(see the Supplemental Material [76]). Each statement
represented a person having a continuous, hybrid, or
particulate mental model of matter. About 66%" of the
students selected the statement representing a particulate
model of matter [see Fig. 4(a)]. The second question
concerned the reason for the differing properties of dia-
mond and graphite, despite both being composed solely of
carbon atoms. Once again, three different statements were
presented to explain this phenomenon, representing a
continuous, hybrid, and particulate mental model of matter.
In this item, 67% of the students selected the statement
representing a particulate model of matter [see Fig. 4(b)].

One of the most relevant challenges in teaching the PNM
is that students tend to apply the same properties to particles
as they do to macroscopic objects. Despite students
demonstrating higher performance on the post-test, this
misconception persisted in some cases. When asked about
the statement: “A railroad track expands when heated
because the iron building blocks expand,” 55% of the
students agreed. However, when asked: “What happens to a
single water building block when water vapor is heated?”
61% of the students selected the correct response: “The
building block speeds up.” Only 14% selected the incorrect
response: “The building block expands.” It seems that

*These are the valid percentages; missing answers were omitted
from the analysis.
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(a) Why does an ice cube melt over a flame but not an
aluminum can?
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FIG. 5.

students are more likely to transfer the properties of
macroscopic objects to submicroscopic particles when they
think about a solid object (55% use a hybrid model) than
when they think about a gas (14 use percent hybrid model).

When it comes to explaining melting and boiling points,
students rarely utilize the PNM. In the post-test, only 17%
of students in the post-test utilized the PNM to explain the
differing boiling points of various substances. Of the valid
responses, 70% were based on a continuous model of
matter [see Fig. 5(b)]. Furthermore, a smaller proportion of
students employed the PNM when asked to explain why ice
immediately melts over a flame while aluminum does not.
A mere 12% of students employed a particulate model of
matter to answer the question, while 82% applied a
continuous model [see Fig. 5(a)].

C. Teachers’ perspective

In general, the feedback from the four teachers on the
TLS was positive. They found the materials to be “good”
and “helpful,” and they described the implementation of the
TLS in the classroom as “easy.” Teachers generally liked
introducing the PNM with crystal structures. However, two
of them said that they would not discuss crystal structures
in as much detail as suggested by the TLS, while teacher D
said it would be beneficial to go even more into detail. All
four teachers indicated that they would utilize the TLS
again, although one teacher expressed reservations about
doing so under certain conditions. Teacher A expressed a
preference for not using the model experiment demonstrat-
ing the spacing between particles in the gaseous state,
stating concerns that it lacked sufficient descriptive detail
for students.

Some of the domain-specific design principles of the
TLS were novel for the teachers. For instance, the use of
“building blocks” instead of “particles” was unfamiliar to
all of them. The teachers indicated that they were accus-
tomed to the term “particles” and that the textbooks also
employed this terminology. This may present a challenge,

(b) When heating salt water: why does the water
evaporate but not the salt?
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Coded answers of students to questions in the context of melting point (a) and boiling point (b).

as teachers may encounter difficulties integrating their
textbooks with the TLS. Additionally, the concept of
utilizing crystal structures and 3D-printed models to teach
the PNM was novel to some teachers. They noted that the
handling of the 3D-printed model was challenging, espe-
cially the need for substantial storage space and the potential
for breakage. Nevertheless, all of the teachers indicated that
the models were well received by the students. The teachers’
descriptions of the students’ prior knowledge of the PNM
differed. Teachers A and B expressed surprise at the limited
recollection of the PNM by the students, whereas Teacher D
observed that the students demonstrated a high level of
familiarity with the topic due to their previous studies in
physics and chemistry. This finding aligns with the obser-
vation that class 6 achieved the highest average score in the
pretest. Teacher D additionally proposed that supplementary
materials be included in the teachers’ manual for students
who demonstrated a high level of interest. These materials
could include a more detailed description of how crystal
structures are formed.

All teachers felt that most of their students understood
what they were taught during the TLS. Teachers C and D
mentioned that the learning materials and the hands-on
nature of the TLS were beneficial to their students’
learning. Teacher B felt that when talking to the students,
the majority of them seemed to understand the content.
However, they may soon forget if they do not review and
reinforce this knowledge.

None of the four teachers reported making any major
changes to the TLS. They used all of the student worksheets
and presentation slides provided by the researchers. Only
the experiments demonstrating the expansion of an evapo-
rating liquid in a food bag did not work well for the
teachers. Teachers A and B reported that it did not work at
all, no matter what they tried. They showed the video of the
experiment instead. Teacher C also had some difficulties at
first but managed to make the experiment work for the
students. Teacher D did not let the students do the experi-
ment themselves because there was not enough time and
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they had to try more than once to get it to work. It seems
that this hands-on activity is difficult for teachers to use in
the classroom, although they said that it would be helpful
for students learning the PNM if it worked.

V. DISCUSSION

The purpose of the study was to evaluate whether a TLS
developed based on domain-specific design principles
would promote students’ use of the PNM. Domain-specific
design principles are “local theories” [60], meaning they
are not generalized theories, but rather practical guidelines
within the context in which they operate [13]. They inform
instructional activities in a particular context to promote
learning [77]. In this study, the four domain-specific design
principles in Table I were intended to guide students’
application of the PNM.

The nongeneralized nature of the design principles makes
it challenging to determine which of these principles is
responsible for which outcome. The higher performance of
students in the post-test can be attributed to the collective
influence of all domain-specific design principles. However,
it is not possible to determine which one had the greatest
impact on students’ use of the PNM. Some of the key ideas, in
particular, make use of a design principle. For instance, the
concept of empty space between particles is elucidated to
students through the use of various typographic representa-
tions. Consequently, it can be posited that typographic
representations influenced students’ acceptance of this idea
more frequently in the post-test. Similarly, the emphasis on
the emergent properties is of paramount importance for
students to comprehend temperature. As evidenced by the
fact that the majority of students in the post-test connected
temperature with the movement of particles, an understand-
ing of the concept of emergence might have facilitated their
ability to apply the PNM correctly. Comparable to the study
by Henderson et al. [56], explaining to students the concept
of emergence seems to have helped them to argue within the
appropriate ontology.

Only some of the results from the previous study could
be replicated in the classroom setting. Crystal structures
appeared to be a fruitful context for the introduction of the
PNM, as students in the interviews as well as in the post-
test were able to apply the PNM within that context. Even
the students in class 5, who scored poorly on the post-test,
predominantly applied the PNM in connection with crystal
structures.

However, regarding phase transitions, there are
differences between the previous and the current study.
In the previous study, students were able to explain what
happens to the building blocks during phase transitions
when specifically asked to do so in the interviews. In this
study, students were also asked to use the building blocks
for their explanation of phase transitions, but most of them
did not do so. It remains unclear why students did not use
the PNM for their explanation of melting and boiling

points. It is possible that the examples provided for the
items were not optimal, as students may perceive the
melting of a substance and the heating of another substance
without undergoing a phase transition as two distinct
phenomena. Consequently, they may adhere to the con-
tinuous model, as it is more familiar to them, and they can
justify the observed differences in melting and boiling
points. However, the same examples were also utilized in
interviews with students in the previous study. In this
instance, students encountered only minor difficulties in
utilizing the PNM to elucidate phase transitions.

The students in this study showed what has been termed
“level confusion” [22] or “hybrid conceptions” [25]. They
employed the same properties for submicroscopic particles
as they did for macroscopic objects. This conception
appeared to be most prevalent in connection with solids,
as more than half of the students imagined expanding iron
particles causing the expansion of a railroad track. This
phenomenon might be attributed to students’ belief that
particles cannot move in a solid. Conversely, students in
general accepted the idea of moving particles in gases. Only
a minority of students in this study argued that particles
expand in a gas. This finding is consistent with the
observation that students have difficulties explaining phase
transitions with the PNM. They do not perceive the
different phases of matter as the same particles having
different velocities and bonding, but rather as three distinct
entities. This kind of students’ conception has already been
documented by Johnson and Papageorgiou [78].

A. Limitations of the study

The objective of this study was to assess the feasibility of
utilizing the developed TLS in instructing the PNM to
eighth-grade students from Austria. As such, our aim was
to find a proof of principle, rather than conducting a
comprehensive quasiexperimental study. The study
involved four teachers and six classes comprising a total
of 130 students from three distinct schools in Vienna. The
participation of teachers and their respective classes was
entirely voluntary. All students received the same instruc-
tional approach, and there were no control groups.
Conducting an educational quasiexperiment with a larger
sample would have enhanced the reliability and objectivity
of the study. However, many published studies investigat-
ing the effectiveness of a TLS did also not engage in
educational quasiexperiments.

Teachers were provided with guidelines outlining the
most crucial aspects of the TLS. These guidelines also
included detailed lesson plans. Additionally, they received
all necessary materials (students’ worksheets, presentation
slides, experimental materials) for implementing the inter-
vention. However, the researchers did not observe teaching.
It is therefore not possible to conclude that all students were
taught exactly in the same way. However, it can be argued
that during the follow-up interviews, none of the teachers
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made any remarks about teaching in a way that differed
from what was described in the guidelines.

All of the teachers reported that using the term “building
blocks” instead of “particles” was new to them and not in
line with the textbooks they normally used. Although the
teachers also mentioned that they would use the TLS again
in their future teaching, this might limit the acceptance of
the TLS by other teachers who are very focused on the
textbook in their teaching. Nevertheless, teachers mention-
ing difficulties in using new terms when implementing a
TLS is also reported by other studies [79]. Further studies
have revealed that teachers in general struggle to accept
new features of empirically developed curriculum materials
as they do not see their value in fostering student learning
[80,81]. Supporting teachers in using the TLS therefore
would be important to promote its implementation in
classrooms.

The results of the six classes differed from each other.
Five of the classes showed a significant improvement in the
post-test, while class 5 scored worse in the post-test than in
the pretest. Class 4 exhibited the greatest improvement in
mean test scores between the pretest and post-test. The use
of a single worksheet by teacher B for grading students’
performance may have contributed to the high learning gain
observed in class 4. However, it remains unclear whether
this alone can explain the significantly higher learning gain
observed in class 4 compared to the other classes.

If we assume that all teachers adhered to the guidelines
as they stated, another source of variation in student
outcomes may be due to differences in the time required
to teach the intervention. As the intervention was planned
for four consecutive lessons, teachers would need between
2 and 4 weeks, depending on the number of lessons in a
week. However, in the interview, teacher C stated that they
did not teach the TLS in four consecutive school lessons as
planned but had to interrupt the TLS to teach something
else. The intermission lasted for more than a month. Only
then the intervention was completed, and the post-test was
administered. This most probably was the reason for class 5
scoring worse on the post-test than on the pretest.

Another limitation is students’ attitudes toward the study.
Teachers reported that students did not take it as seriously
as their regular teaching, as they were aware that the pretest
and post-test would not be relevant to their grades.
Consequently, students frequently failed to consider their
responses in depth or even to respond to open-ended

questions at all. It can be posited that had their results
on the post-test been relevant for their grade, students
would have invested more effort in providing accurate
responses.

VI. CONCLUSION

In general, teachers were satisfied with the materials of
the TLS and found them useful for teaching. Students
overall used the PNM more after the intervention.
Therefore, it can be concluded that the domain-specific
design principles promoted students’ use of the PNM.
These results suggest that the TLS can be used for teaching
the PNM in eighth-grade classes. In the case of the Austrian
physics curriculum, the TLS can serve as a basic intro-
duction to the PNM in the context of thermodynamics.
However, the TLS might also be used in other physics or
chemistry contexts. As the TLS focuses on the most
fundamental ideas of the PNM, it might also be expanded
to cover a broader range of physics concepts, such as heat
transfer and diffusion. As the term “building blocks”
encompasses atoms, molecules, and ions, it is possible
to delve deeper into the distinctions between these terms
and their underlying concepts.

As previously mentioned in the limitations section, the
objective of this study was to find a proof of principle for
implementing the TLS in eighth-grade physics classes. The
presented results cannot be generalized, as the sample size
was limited. Future research should therefore conduct an
educational quasiexperiment to test the TLS with a larger
number of students. In reverse, a more qualitative follow-up
study could investigate the effects of the different design
principles used in the TLS in more detail. As for the results
of this study, it is often not possible to determine which of
the domain-specific design principles proves most effective
in fostering students’ use of the PNM. Moreover, students’
reasoning with the PNM in the different phases of matter
should be investigated more closely. Science education
research might also focus more on investigating the
teaching of the concept of emergence, as it is key for
explaining many phenomena in science education.
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