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Abstract

Our work investigates how electronics Making may sup-
port the development of scientific model thinking in
elementary school students in formal learning contexts.
This paper presents initial themes uncovered through
video-based analysis of fourth-grade students engaging
in Making activities to create simulation, concept-
relation, and illustrative models in the science class-
room. Key themes were found in how the Making activi-
ties supported the students’ articulation of the science
concepts, as well as their sense of ownership towards
the projects. Our findings indicate that there are nu-
merous factors, including the role of Making, allowance
for creative freedom, and the level of Making complexi-
ty, that need to be taken into account in the design of
curriculum-based Making kits and activities for model
thinking. We conclude that Making has the potential to
support the development of model thinking in the ele-
mentary science classroom, but much further research
is needed.
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Introduction

In their discussion of the impact of the Maker Move-
ment on education, Halverson and Sheridan [1] high-
light significant challenges that hinder the use of Mak-
ing for learning in the classroom. For instance, because
the American classroom is ‘learning goals’ driven, while
Making is hands-on, exploratory, and creativity-driven
[2], educators are reluctant to employ Making in the
classroom and favor ‘instructionism’ to meet accounta-
bility goals and tests. Such challenges among others
result in Making-oriented activities and kits being de-
signed for and tested mostly in workshops and after-
school programs, rather than in the classroom where
formal learning actually takes place.

In this paper, we investigate whether and how Making
may have a role in the modern classroom to teach sci-
entific model thinking. Can Making provide the means
by which students construct interactive models of their
science, and in so doing, engage in learning science
topics that are in line with their school’s curriculum and
the meta-level scientific model thinking? For our inves-
tigation, we adopt the approach of deploying prototype
probes of designed curriculum-based science Making
kits and activities in the classroom, and analyzing the
students’ engagement process to uncover themes that
will inform the next iteration of the Making kits.

Our research engaged 3™, 4, and 5™ grade students
over a school year of science classes. These grades are
when schools typically transition toward formal science
curriculum. Developmentally, they fall into the Concrete
Operational Phase [3, 4] where children transition from
concrete modes of thinking to develop stronger ab-
stractions. It is critical that students at this level begin
to get a grasp of the role of models in science. This

paper focuses on the 4™ grade students engaging in
Making-based curricula of three different types of mod-
els: simulation models, concept-relation models, and
illustrative models. Following, we overview the use of
models in the learning of science, describe our study,
and present our findings.

Models in Science Learning

Scientific models are devices that represent systems of
phenomena whose complex dynamics and causal rela-
tionships among factors may otherwise be abstract and
not readily visible. Models are often designed to be
simpler explanations and visualizations of the entire
system that narrow down the focus to specific factors
[5, 6], and their visual nature frees up working memory
load [7]. When scientific models are expressed formally
(e.g. through mathematics, computation, causal dia-
grams), they can be used to make predictions, test
data, and generate new understanding [8].

Models come in many different forms [9]. We focus on
three types of analogical models that contain visual,
physical, symbolic, and verbal characteristics: Simula-
tion models, conceptual models, and illustrative mod-
els. Simulation or facsimile models represent the pro-
cess of a phenomenon such that one can see its per-
formance and effects. Concept-relation models repre-
sent a phenomenon with an emphasis on the logic be-
hind the concept itself, for instance showing cause-and-
effect relationships. Illustrative models aim to depict
the composition and process of the phenomenon in vis-
ual form.

Models are a central focus in the elementary or primary
school science curriculum. For example, a 5" grade
science curriculum in the US [10] states that students



should know that “models of objects and events are
tools for understanding the natural world and can show
how systems work”.

Multiple challenges have been identified in the use of
models in science education, notably a: i) lack of explo-
ration and reflection: Clement [11] characterizes mod-
eling in science learning as one that moves the student
from preconceptions to a target model, indicating that
inquiry is critical for science models to be effective
[12]. However, Justi and Gilbert [13] report that sci-
ence teachers sometimes maintain the view that there
is one correct model that must be presented to the stu-
dents, rather than students working to discover and
explore aspects of the model; ii) lack of student moti-
vation: When multiple models are used in teaching,
students become impatient [5, 6, 11, 14, 15]. Shwarz
et al [8] further state that one of the challenges is “in
giving students a real sense of audience for their mod-
els.” If students see models as instruments for them to
communicate science concepts, they may be more will-
ing to invest effort to understand and explore the mod-
els [8]; and iii) a lack of sense of empowerment: Stu-
dents are often convinced that they are only making
the models for the teacher, as a means to assess their
learning [8]. Thus, they become concerned with memo-
rizing models, and rarely understand the illustrative
and explanatory purpose behind models, nor the neces-
sity of multiple models [16].

Numerous methods and approaches have been pro-
posed to embody, support and improve the effective-
ness of model-based learning in elementary and middle
school science. The MARS project [17-19] demonstrat-

ed the ability of 6™ grade students to make and test
predictions by running dynamic interactive simulation
models. To understand mass, for example, students
can use the model view in the application to see density
differences. We are not aware of any research so far
that looks at how Making may support scientific model
thinking, especially for younger children.

Our research thus aims to fill in this gap in the litera-
ture, and asks the following question: How may Making
support scientific model thinking in elementary school
students in the formal science classroom?

Study Description

The data analyzed in this paper came from a year-long
study, whereby 3™, 4" and 5™ grade students engaged
in Making activities in their science classrooms for six
non-consecutive weeks throughout the school year,
with each week addressing a different science topic.
Throughout the school year and the three grades, there
were 22 simulation Making activities done, 4 concept-
relation Making activities, and 6 illustrative Making ac-
tivities. The class structure generally consisted of the
following protocol: 1) a lecture on the science topic was
given by the teacher; 2) the model to be created was
described by a Maker instructor; 3) students were giv-
en the appropriate Making kit materials; and 4) the
students worked in pairs to make the model and per-
form the associated science activities. All students pro-
vided verbal assent to participate, and parents signed
consent forms prior to video and audio data collection.
All procedures were approved by the Institutional Re-
view Board.
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Figure 1. Simulation model of earthquake

The curriculum-based Making kits and activities were
developed using an approach that engaged the science
teachers of each grade and a design team brainstorm-
ing on how electronics and arts and craft may be used
to satisfy at least part of the learning goal of the sci-
ence topic in question. Aspects that were considered
during the design process included the motor and cog-
nitive abilities of the children, their level of previous
knowledge on the topic, technical feasibility, etc. We do
not describe the design process in detail here, as this
paper focuses on how the students engage science
models through Making in the classroom. For our cur-
rent investigation, we selected the Making project per-
formed in the 4™ grade that was most representative of
each of the 3 types of models of interest:

The 'Earthquake’ Simulation Model: The curriculum unit
covered for the chosen model was Earth and Space:
Rapid Changes. The learning goal specified that stu-
dents should understand that Earth consists of natural
resources and its surface is constantly changing. One
example of a rapid change in the Earth’s surface is an
earthquake. The Making-based model designed to
simulate an earthquake (see Figure 1) consisted of a
piece of foam board that was cut in half on a jagged
line to represent tectonic plates. Kitty litter was spread
on the plates to act as soil. Vibrating motors were
taped directly underneath the surface of the tectonic
plates and onto the wooden dowel rods underneath the
tectonic plate surface such that their vibration when
activated would cause the tectonic plates to collapse.
The activity for each student pair was to create origami
houses to represent a village at the spot where the
earthquake would take place and to connect up the
circuit of the vibrating motors.

The ‘Food Chain’ Conceptual Relation Model: The cur-
riculum unit for the chosen model was Organisms and
Environments: Food Chains. Students were expected to
describe that the flow of energy derived from the sun
and used by producers to create their own food is
transferred through a food chain and food web to con-
sumers and decomposers. The Making-based model to
show the logical food chain (see Figure 2) consisted of
pre-printed cards of the various organisms involved
(e.g., plants, insects, reptiles, fungi) that are placed in
custom-designed card slots that had holders for LEDs, a
battery to represent the sun, and arrows cut out of
foam board with wires attached that represent the en-
ergy transfer at each step of the food chain model.
Connecting the battery (sun), wires (energy transfer
arrows), and LEDs (organisms) correctly results in the
LEDs lighting up. The activity for each student pair was
to form the food chain and light it up.

The 'Water Cycle’ Illustrative Model: The curriculum
unit for the chosen model was Matter and Energy: Wa-
ter Cycle. The student is expected to identify the phas-
es of the water cycle caused by heating and cooling,
such as liquid water evaporating by the heat from the
sun and condensation of water vapor forming liquid
water, creating clouds. The Making-based model to il-
lustrate the water cycle (see Figure 3) consisted of
lighted dioramas of the water cycle using foam board,
LEDs, and electric circuits. The activity for each student
pair consisted of drawing a water cycle illustration, la-
beling the different processes within, placing the LEDs
on the foam board drawing at spotst of the students’
choice, and building the circuit to make the LEDs light
up.
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Figure 2. Concept-relation model of a
food chain

Figure 3 Illustrative model of water cycle

Data Collection and Analysis

All sessions of the study were audio and video record-
ed. Each table in the classroom, typically sitting 4 stu-
dents, was recorded by one dedicated camera on a
tripod and an audio recorder placed in the middle of
the table. Two tables were randomly chosen for analy-
sis for each focus activity, resulting in selected data of
24 students (3 Making activities X 2 tables X 4 stu-
dents). The video and audio recordings for the tables
for each of the 5 days that the study lasted were iden-
tified and distributed among 3 coders. The analysis
process was conducted as follows: 1) Each coder was
assigned a Making activity, and performed a basic
first-cycle coding [20] on the videos, whereby descrip-
tive codes are assigned to video segments to describe
the content (i.e., explicit happenings and identifiable
behavior units, e.g., M1 connects up red wire) of each
segment, and relevant speech transcribed with
timestamps. The coders focused on the actual Making
process itself for this coding (as opposed to other
parts of the class such as setting up materials, lec-
tures by the teacher, etc.). Four passes of coding were
done for each video, each time focusing on one partic-
ular child (since there were 4 students per table); 2)
The 3 coders met several times to establish a common
ground understanding for the types and granularity of
codes during the first-cycle coding process; 3) Each of
the coders then performed a second-cycle coding
whereby the descriptive codes were classfied into cat-
egories that related to any aspect of model thinking,
and the categories were labeled. All of the 3 coders
were familiar with the literature review that was done
on science models and presented earlier in this paper;
4) One coder performed a last round of coding to inte-
grate the categories into themes.

Study Findings

We present below a discourse integrating the key
themes that emerged from our video analysis under
two main umbrella:

i) Students’ articulation of science model thinking

Concept-relation ‘food chain” model: Two approaches
were seen in terms of Making-based model thinking. In
one approach, the children pair focused on building the
circuits first without thinking about the science con-
cepts. Since the circuit was more complex than their
electronics level of knowledge, they had little progress
and needed to constantly ask for help. In the second
approach, the children pair focused on getting the sci-
ence concept right first (placing elements in order of
logic of transfer of energy, seeking feedback from peers
and instructors, swapping elements around if needed),
and then moved on to building the LED circuits. Essen-
tially, they used the structure of the food chain to guide
them into knowing the order of the wire connections.
For e.g., one pair determined that the battery as the
sun should be on one end and the ‘decomposer’ LED on
the opposite end. In this second approach, building the
circuits simply functioned as a mark of completing the
activity — having the LEDs light up were an affirmation
of their success.

One problem that arose with this second approach,
however, is that arrows representing the transfer of
energy were neglected or forgotten in the subsequent
building of the circuits. The students attempted to con-
nect each element directly to each other. Their state of
mind was that they had already placed the elements in
the correct order physically, and did not think that an-
other representational device is needed for the transfer



of energy. They found out about the relevance of the
arrows only when they were building the circuits, which
required wire connections.

Illustrative 'water cycle’ model: The tension between
Making and science concept was not seen in the illus-
trative model, since the activity clearly dictated the
science concept to be clarified first (drawing of the wa-
ter cycle illustration), before the Making activity could
take place (inserting and connecting up the LED circuits
into the illustration). However, students’ mental models
of the science phenomenon were seen in the aesthetic
details and creative freedom that the Making activity
allowed. For example, in one pair, a girl drew the sun
pink, and the partner wanted her to redo the sun draw-
ing to be “the real sun” which is yellow in her mind.
Students also debated on the type of elements to draw
(e.g., what type of water body to draw - lake, pond,
sea, etc.), and where (e.g., water has to be underneath
the sun), as well as how to use the LEDs to creatively
emphasize different things in their drawings.

Simulation ‘earthquake’” model: The science concept
and the Making was tightly coupled in the earthquake
activity. Contrary to the concept-relation model activi-
ty, this was done mainly through the teacher who en-
gaged the students in thinking about how the power or
number of the vibrating motors whose circuits they
were connecting represented the strength of the earth-
quake: “what that does is simulate what a small earth-
quake will do, and then more power and more power,
and then you get to see finally what a big earthquake,
what consequences that will create for your ground.”
More time was spent during this session with the class
discussing aspects of earthquake (e.g., Richter Scale,
gradations of earthquakes, locations of earthquakes),

given the lower complexity of Making required as com-
pared to the two other cases analyzed.

i) Sense of ownership

The flexibility afforded by the concept-relation ‘food
chain” model Making activity (e.g., free arrangement of
elements) helped mostly the students’ articulation of
their mental model). For the illustrative ‘water cycle’
model activity on the other hand, the flexibility of the
Making activity provided the students with a strong
sense of ownership. The students added elements not
necessarily within the scope of the science concept in
their water cycle illustration, e.g., butterflies, flowers,
sharks in water, acorns on tree, stars. Many instances
of a child pointing to certain parts of the drawing and
saying "I did that” were seen. Sense of ownership in
simulation ‘earthquake’ model came from a combina-
tion of Making, the science concept articulation, and
artistic personalization details. The students revealed a
strong sense of ownership of the causal change that
resulted from the collapse of the houses they made in
the earthquake model from the vibrating motors.

Discussion and Conclusion

In our study, we found that there are numerous factors
to consider in how Making may support the develop-
ment of scientific model thinking in the formal class-
room context. Specifically, one has to consider using
Making as either the means or the end. The approach
of the science concept guiding Making appeared to
work the best, notably because the child’s Making
knowledge is still premature. Using Making knowledge
to guide science concepts understanding may be more
feasible for an adult who already has fluency with Mak-
ing. The science concept-guiding-Making approach also



seemed to allow Making to support scientific concepts
that are more abstract in nature, e.g., the arrows in the
food chain model.

A second factor is the use of either electron-
ics/technology or arts and craft to allow for creative
freedom in Making of the science model. Making gener-
ally necessitates for at least some allowance be made
for creativity. One has to consider whether and how to
capitalize on only arts and craft, technology, or both
(e.g., drawing adornments and LED placements in the
water cycle model) to allow that in the students’ con-
struction of science models.

And a third factor is the level of Making complexity and
the degree of science concepts discussion. While it is
logical that the higher the complexity of the Making,
the less time for the amount of science discussion, and
thus that lower Making complexity is desired, one has
to consider how to still integrate elements of personali-
zation details in the Making so as to deliver a sense of
ownership in the students for the model. This is espe-
cially important given that electronics Making tend to
be a complex activity for children, and making it less
complex to fit both the child’s abilities and within the
class time period may remove the empowering ele-
ments necessary to maintain student interest in science
modeling. In our earthquake model, we achieved that
by combining origami houses with the motor circuits.

Our initial findings show that Making has the potential
to attenuate some of the key problems with teaching
scientific model thinking in the classroom, such as the
lack of student reflection, motivation and empower-
ment. However, many factors have to be considered in
the design of the curriculum-based Making kits and

activities, including the role of Making, allowance for
creative freedom, and the level of Making complexity.

The limitations of this study is that it is certainly tied to
the specific designs of the curriculum-based Making kits
that we used as probes, and the findings may thus be
limited in terms of generalizability. Nevertheless, we
believe that our analysis of the students’ experience
throughout the activities revealed factors that serve to
enhance our understanding of designing for Making in
the elemenary/primary school classroom.

Future work involves the analysis of more cases from
our collected dataset of videos; investigating how to
operationalize the simulation, concept-relation and il-
lustrative types of science models into other specific
designs of Making kits and activities; and studying cur-
riculum-based Making with respect to other types of
science models.
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