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Electrochromic Displays and Low-Cost Materials
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Fig. 1. Wind energy activity - (From Left) 1) Participant assembling the turbine and choosing colours for the fan blades. 2) Blowing
on the assembled turbine to cause it to spin and generate the power to change the image on the display. 3) Watching the effects of
speed and direction rotation on the DecoChrom display. 4) Playing with the turbine and reflecting on how it works.

Well-funded classrooms often provide a variety of learning materials such as computers, robotics and other expensive equipment
to facilitate STEM Learning activities for children. However, exploring natural phenomena such as electrical energy is possible
through very simple activities. In this paper we explore how cheap low-cost materials and simple electrochromic displays can be
designed to support experiential learning about energy and power generation. For this we employed a mix of open-ended play and
exploration as well as staged and goal-oriented activities. We developed two learning activities that involve children constructing
working models that generate power including constructing a wind turbine and assembling a solar power harvesting house. We
studied how children engaged in the activities and how the materials helped them understand the topic. All children could construct
and complete the building tasks and were generally positive about the experience. We identified challenges encountered by children
including interactions with the construction materials and electrochromic screens as well as insights about the mental models children
have. We discuss challenges for staging learning through play with found low cost and local materials and provide implications for the
design of constructionist oriented STEM learning.

CCS Concepts: • Social and professional topics → K-12 education; • Applied computing → Interactive learning environ-
ments.
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1 INTRODUCTION

In recent years we have seen an increase in interdisciplinary Science, technology, engineering, and mathematics (STEM)
approaches utilizing the Maker movement and mindset e.g. in the FabLearn initiatives [5] that combine fabrication and
computational thinking [8, 9, 11]. An ambitious vision for making, students can engage with equipment and specific
methods to experience phenomena first-hand. While this experiential approach can help in teaching fundamental
concepts e.g. cause and effect, etc. Open building and assembly activities might stimulate creative curiosity [35]. At an
early age, activities can involve step-by-step lessons initially, yet the aim is often to equip the child to be more self-
directed in their learning. Activities can encourage the child to adopt a mindset in which they build, experiment, iterate,
and reflect as they seek to acquire the needed skills to develop a solution [36]. This follows Papert’s constructionist
approach [29] and the focus on cumulative knowledge integration.

While this area has proven to be widely successful, learning opportunities and diversity of corresponding learning
materials for children vary dramatically across the world, largely dependent on financial resources available. It might be
common for a child in developed nations to not only have multiple computing devices but also physical construction toys,
robotics and other educational materials that follow this principle, available at home and in the classroom. However, this
is not the case in most parts of the world [37]. Especially in developing nations, where resources are more limited, there
is a struggle to offer similar learning opportunities, and unfortunately, children are less exposed to digital technologies.
While, for example, in computer science educations, analog learning materials have been adapted to stage similar
experiences [4], less work has focused on creating low-cost constructionist-oriented learning materials for STEM
education.

To acquire 21st-century skills of solving complex problems, it is absolutely essential to extend learning over the
confines of the textbook and lecture-based learning and to encourage applying the knowledge in creative contexts [12].
We appreciate the approach of adapting materials and involving the child in constructive play and learning, however, it
requires a lot of work beforehand and teachers need to spend a lot of time preparing lessons and curating materials
to make available to their students. Working with our collaborator, we are motivated to explore, how rich learning
experiences can be staged to offer children high quality learning, without the need for expensive digital technologies.
The goal of this paper is to work towards a toolkit for developing countries that is comprised of low-cost materials, that
ideally can be integrated and extended with more locally sourced materials and that allows to stage STEM learning
activities easily.

The rest of the paper is organized as follows: First, we review related research in constructionist learning and
fabrication for children, as well as inexpensive emerging technologies that might facilitate STEM curricula. Next, we
describe a set of learning activities that we developed, based on electrochromic (EC) displays, and simple physical
construction materials which are aimed at teaching children about energy and power generation. Then we describe play
studies conducted over four days with 29 children to understand how children engage in the construction tasks. We were
interested in how the children engaged with the simple two-state displays and how the technology might be integrated
into STEM learning activities. We summarize the challenges and opportunities as well as observed patterns of play. We
discuss the findings in relation to constructionist learning and personal fabrication and provide implications for the
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design of EC displays for staging lessons and insights about developing simple, low-cost learning materials for STEM
learning for children. We conclude by mapping out the important future work needed to make rich constructionist play
experiences available more widely for children from all socio-economic backgrounds.

2 RELATEDWORK

We live in a time with higher population, interconnection and more technological advancement than ever before in
human history. At the same time we are facing large-scale complex problems that will require interdisciplinary problem
solving skills. Especially in STEM subjects, the idea of incorporating novel educational methods has been heavily
explored through, for example, tinkering, play or maker-based activities [24, 35, 36]. Chu et al. used maker activities to
construct artifacts which afterwards would be used in a scientific experiment, for example building an electric sifter to
separate salt and water [8]. These approaches are often grounded in constructionist learning theory [29], presuming
that children are particularly engaged and effective learners when they are building artifacts. In this paper we closely
follow this idea, combining building activities with teaching about energy generation.

Several prior works also argued that it is decisive to give space to creativity and artistic expression and incorporate it
into the curricula. Such approaches are also referred to as STEAM (STEM + the Arts). It incorporates practices from art
and design into science, technology, engineering and math education mostly for K-12 or even to up to K-20 education [6].
The aim is to tackle STEM problems through creative thinking or design thinking [25]. However also the other way
around - demonstrating how artists and designers can exploit STEM areas - is a viable option to motivate students
to extend their STEM knowledge. STEAM principles have been implemented in many computer clubhouses, which
focus on the creation of art and design through technology use [34]. Furthermore, many platforms such as Scratch [34],
LilyPad Arduino [31] or EduWear [20], to name just a few, embraced it as well. More recently, STEAM research has
explored theatrical performance [19] or screen printing and interactive materials [22], as platforms for science and tech
learning. Another practice that has been explored in the past is the construction of paper circuits [27, 30], to challenge
practices around electronics design and open it up to a larger community. Similarly, in this paper we aim to replace
more expensive materials with more accessible and approachable materials and combine them with electronics to open
up learning possibilities to new communities.

Malone [26] found that fantasies (evoking images of objects or situations not present) represent a key ingredient of
fun learning which was also sustained in [9] with the Maker Theater. Both of the proposed curricula contain potential
for creative adaptation and extension which makes them very likely to not only be educational but also entertaining
and fun. Furthermore they are also based on visual media which makes it easy to assess and share the accomplishment
which has also been highlighted by Weibert et al. [38] as a key element to a successful learning process. With the
activities presented in the present paper, we closely followed these suggestions and offered customisation possibilities
allowing the children to design their own elements that can be added as well as the ability to incorporate the resulting
artefacts in narratives. For example, the children would construct the house in the solar power exercise, which could
easily serve for narrative expression.

However, the current directions of maker education research have also been criticized due to potential dangers of
the current style of what maker education means and how it can restrict equity for marginalized groups [37]. And
compared to how much research has explored these kinds of maker based or constructionism led activities in developed
countries, the amount of work focused on developing countries is extremely limited. There are some investigations
into how to transfer approaches, for example the concept of a computer club from Germany to a refugee camp in
Palastine [1], but only few examples of work focus on maker activities. Alekh et al. explored maker based activities in
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semi-urban India [3]. Their water rocket building activities demonstrated that such maker activities can reduce tension
and pressure among the students due to their collaborative nature. Weibert et al. investigated how upcycling activities
can lead to a maker mindset [39] and while the comparison of their activities in Germany and Palestine showed very
different approaches to the topic it yielded comparable learning outcomes. While the activities presented here are not
carried out in such a setting, they are developed with developing countries and refugee camps in mind, focusing on
low-cost and easy extension. Obviously these activities will still require cultural adaption and contextualization to the
final settings.

3 DESIGN OF LEARNING ACTIVITIES

The goal of these learning activities is to enable large populations of children to learn about sustainable possibilities of
energy production without requiring well-funded classrooms, in learning through play activities. The initial inspiration
for the here presented learning activities comes from the LEGO® Education set Renewable Energy Add-On set1. This
add-on set - which is based on the LEGO® Mindstorms® kits - is designed for educators to teach about renewable
energy sources, specifically the functionality of solar cells, wind turbines and hydro-electric power plants. For this kit, a
clear lesson plan with planned experiments and designs already exists and has been successfully used in schools in the
past [2]. However, the set also comes at a relatively high price (more than 140 Euro just for the add-on set as of the time
of writing this paper), which makes it inaccessible for many classrooms around the globe. The price point stems from
the materials used, expensive electronic components and extremely durable and reconfigurable LEGO bricks made
from ABS plastic. To overcome these problems and open similar learning experiences to a larger audience we present
here the design of a physical construction set that was developed to be low-cost, yet with comparable possibilities.

One of the main aspects of the LEGO Education set are the building activities it is tailored around. Keeping these
activities as part of the overall learning design was crucial for our design. Given the high price point of plastic bricks
and also the connected size and cost of shipping these, we decided against using such bricks. For then main material we
explored a lot of different materials, ranging from plastic sheets to fabrics. However, we ultimately settled for thick
paper (cardboard of 0.5mm thickness) as the main material used in the building activities. The main reason for this is
its availability, but also the idea of being able to re-purpose (recycle) packaging materials and other locally existing
materials and integrate them into the construction activity. While paper provides a good base and has been used for
constructing objects for centuries e.g. in Origami and Kirigami, often extra materials such as glue or adhesive tape are
used to connect the different elements. However, such materials bring a certain feeling of finality of the assembly, and
make it harder to motivate re-use and changes to the assembled artefact. Therefore, we decided to make use of reusable
round head paper fasteners. These can be used to connect multiple pieces of paper using holes that were created by a
hole punch, Which is also a common method to create articulated paper sculptures. We hope that by providing elements
that can be reconfigured and easily re-built, the system woud stimulate curiosity and exploration. Furthermore, the use
of a hole punch can motivate the inclusion of other elements and materials and even re-appropriate local materials to
further reduce potential costs. For our particular implementation we used plastic clips that are functionally similar to
commercially available metal round head fasteners, however lighter and safer to use for children.

The second substantial problem with the LEGO Education kits are the comparably complex electronic components
used. Besides using a complex display technology including a display driver, they also require a battery. This not only
seems counter-intuitive for an educational set focusing on energy generation but also introduces some extra prohibitive

1https://education.lego.com/en-us/support/machines-and-mechanisms/renewable-energy-set
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Fig. 2. Graphic design of the EC display - (Left) Sun state of the EC display. (Right) Moon and stars state of the EC display.

elements for large-scale adoption. For our activities we propose the usage of electrochromic displays as a low-cost
and low-energy alternative. In recent years it has become possible to fabricate transparent and non-uniform displays
using electrochromic ink [14, 23, 28] and they have been used for a variety of different applications ranging from
simple paper augmentation in board games [18] to more complex wearables [13, 15]. Even applications focussing on
children have been explored, e.g., using the displays to cast interacitve shadows for storytelling [16, 17]. This display
technology allows creating dynamically animated graphic elements based on ‘electrochromism’, which is the ability of
some materials to change their optical properties through chemical oxidation or reduction when an electric current is
applied to them. Usually the change is from a color, e.g. blue to a transparent state and occurs at relatively low voltages
1.5-3V.

We follow the process described in [14] and used the Ynvisible Ink-Kit2 to produce the displays. One of the limitations
of this approach is that the electrochromic (EC) displays can only switch between two different graphics, however to
switch between them only the direction of the current flow has to be switched. This enables, for example, to turn a
connected DC Motor in one direction to show one image, and by turning it the other way the second image would
show up. While these displays do not provide detailed information about the voltage and current production (compared
to the LEGO Education kit) the switching speed is affected by the amount of voltage and current supplied. This means
that the children will be able to infer the amount energy produced by the time it takes to switch between the different
images. These displays can be directly connected to an energy source, which makes it fairly adaptable and can also be
used outside the learning activity e.g. for narrative play. This idea was also considered for the graphic design where
instead of a clearly energy related graphic, we decided for a design that is more generally applicable and could also be
included in different activities. We decided to use a Sun in one of the states and a Moon and Stars for the other state.
This can be seen in Figure 2.

The energy learning activities were designed to provide an experiential learning opportunity so that children would
have the ability to generate power directly through their actions [21]. We designed two activities, that both include
a fabrication part in which a prototype had to be constructed and the experimentation part, in which the children’s
actions would allow them to learn about the energy production. The first part is related to wind energy and the other
one deals with the topic of solar energy.

3.0.1 Wind Turbine Task. The first activity is based around wind energy, and modeled after a wind- or hydro turbine.
For this we utilize a 9V DC motor on which we mounted a round plate to which then a set of up to 8 blades can be
connected using two round head fasteners per blade. This can be seen in Figure 3 (left). The blade elements were

2https://www.ynvisible.com/ec-kit
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Fig. 3. (left) Wind power components including wind turbine and EC display. (middle-left) Detailed view of assembled wind turbine.
(middle-right) Solar power activity components including wall parts, windows, doors, solar panels and EC display. (right) Detailed
view of house and roof with solar panel and EC display.

designed with a bend at the foot and a small v-shaped gap. This made it easy for the children to bend the elements
to be able to assemble them. Also the bend increased the speed when blowing onto them, which is crucial to create
enough energy for the display to switch, while at the same time allowing for clear distinctions of produced energy
between lower and faster wind speeds. The design was reached through an iterative process in which we evaluated the
sturdiness and needed effort to drive the displays. The final paper elements were cut using a Zünd digital cutter out of
160gsm paper, however, they could also be cut out by hand. The children, would assemble the paper parts and then
connect it to the motor. Here we also give the possibility to change the number of blades attached to it, which will
require more or less effort when blowing onto them to change the EC display. Also changing the angle when blowing
onto the wind turbine had a significant effect on the changing speed of the display.

3.0.2 Solar Power Task. For the solar task we opted for a more complex building tasked compared to the LEGO
Education set, where it is simply a solar cell on a rotating element connected to a measurement unit. To stimulate re-use
as well as personal exploration and expression, we decided for the more complex construction of a house. All parts for
the prototype were cut from 160gsm paper using a Zünd digital cutter. The roof consists of two triangles and three
squares connected with finger joints. On one of the roof sides we installed a simple 3V solar cell connected to a 3-way
switch, which was then connected to the EC display. The different elements were connected with simple pin headers
and pre-made cables that were orientation invariant so they could be easily assembled. The 3-way switch is used to
switch polarity, and in the middle position switch-off the power transfer to the EC display. For the later described study,
the rooftop was already fully assembled to fit the time restrictions. The lower part of the house that supported the roof
is constructed from one-large element that had an equidistant pattern of holes for the round hole fasteners. On the one
side, this allows to construct the stable square base, but on the other it allows children to attach decorations, such as
doors and windows (compare Figure 3 right). While a set of simple designs was provided, here again more elements can
be created if so desired. For the below described evaluation, we utilized a standard desk lamp as the light energy source
as the study was conducted indoors, however, it would work equally well in natural daylight. Additionally, we provided
cardboard elements in a cloud shape that the children could hold between the lamp and the solar cell to explore how
this obstruction changes the energy production and changing speeds of the EC display transitions.

Overall both activities, are simple to create but can be easily extended and personalized to the children’s wishes.
Both sets are compatible with the lesson plans of the LEGO Education set, but at the same time allow for extension.
Given that the lesson plans for the LEGO Education sets have been evaluated by researchers as well as practitioners, we
are in the following less interested in the learning outcomes, but rather in the general understanding and ability to
construct these sets by children in the target age group of 7-10 years. The overall hardware costs, including all the
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paper, the two displays, the motor and the switch was below the equivalent of less than 10 Euro. The source files of the
design of the learning activities are available here: (Will be made available upon acceptance).

4 EVALUATION

In order to study how children respond to the learning activities, we recruited 29 participants, over 4 days, at LEGO®
World 2020 which happened shortly before the COVID-19 pandemic. As the exercises are based on the LEGO® Renewable
Energy Kit - which already have well established lesson plans with clear learning outcomes - we decided to mainly
focus on the overall experience instead of the learning aspect. We were interested to understand how the fabrication
element would support the children’s motivation. How effective would the artefacts be in informing the children about
the general area of sustainable energy generation? And lastly, how do children make sense of the experience, and what
improvements would they suggest?

4.1 Participants

While the overall learning experience was, as already discussed before, designed with children between 7 and 9 in mind,
we decided however, to extend the overall recruitment a bit to explore the potential in different age ranges. We recruited
29 children between 6-11 years of age with an average age of 8.46 years (SD = 1,34), including 6 females and 23 males.

4.2 Procedure

After the parents signed the consent form, filled out the demographics and gave permission for photographic and video
documentation during the study, the two study facilitators would pick up the parents and the child and bring them to
the study area. As the study area was not in the main area of the expo, this required a short 4-5 min walk. This walk
gave the facilitators the chance to get acquainted with the child, through light conversation about the child’s experience
at the expo, but also to slowly prepare the child for the evaluation.

During the whole study, one of the two facilitators would take notes and transcribe the child’s comments while the
other facilitator would guide the child through the exercises. During this, the facilitators would ask the child about
her experiences and help e.g. with the construction of the different artefacts. The questions where asked during the
tasks as a contextual interview. They focused on the child experience, including positive and negative aspects, their
understanding of the exercises and the connected learning goals and ways in which we could improve the artefacts.

For the evaluation, the two exercises where spread out over two tables. On the first table the child would start with
the Wind Turbine exercise, and would begin with exploring the function of a fully constructed turbine. For this, the
child could either turn or blow on the turbine and observe the change of the EC display.

Afterwards, the child was asked whether she has seen something like this and whether she understands how it
works. This was then followed up by offering the child to build her own wind turbine which then could be tested again.
On the second table, the solar power exercise was prepared. As described above, the roof was already fully assembled
(due to time restrictions), however, we gave the child the task to first assemble and decorate the main body of the
building. Afterwards, she would attach the roof component and explore the influence of the desk lamp light on the
EC display. Lastly, it would also test the influence of the cloud shaped cardboard on the speed of change. After this,
the facilitator would walk the child back to the registration desk and pick up the next participant. All in all, this took
between 35 and 40 minutes.
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Fig. 4. (From Left) 1) Participant assembling the walls of the house. 2) Decorating the house with windows and doors. 3) Roof
with solar panels placed on walls and child observing the changes of DecoChrom display due to the light energy from the lamp. 4)
Investigating what happens (or doesn’t) when the light source is covered by a cloud.

4.2.1 Data Collection. As described above, one of the facilitators would keep constant notes on their objective
observations of the children’s progress. After each task, we would also collect the self-reported qualitative data
of the child as transcribed by the second facilitator in the contextual interviews. The main facilitator was guiding the
children along using the following main questions for each task:

• “Have you seen something similar to this in the real world before?” - we wanted to see whether the child makes
the transfer to the real world.

• “How do you think this works?” - to assess the child’s understanding and reflection on the task and indirectly
assess their learning.

• “What was interesting about this task?”
• “What was fun about this task?”
• “Tell us about any problems you had.” - these could include different levels of problems.
• “What could be done better?”

However, these questions only served as a general guide, the facilitators where free to add follow up questions or
if a child was particularly shy or not interested, they could move on to another questions that seemed more suited
to the moment. The answers of the children where noted by the second facilitator, so that the first facilitator could
fully engage with the child. Besides the contextual interview, we also collected quantitative data. For each task we
also collected Read’s and McFarlane’s Smileyometer and the Again-Again table [32, 33]. The Smileyometer is a a 1-5
Likert-type scale, and uses pictorial representations from which the children can pick one of five smileys ranging from
‘Awful’ to ‘Brilliant’ to describe their opinion of the experience. The Again-Again table allows us to measure the desire
to engage in an activity again if it was found to enjoyable. The facilitator documented this in a table, which lists the
activities on the left hand side, and has three columns with the possible responses of Yes, Maybe, and No. The child
would be asked the question: ‘Would you like to do this again?’ When the child answered, the facilitator would note
their response in the table.

5 RESULTS

We analyzed the results of the user study by considering the interviews as the primary source of analysis, and the
questionnaire responses were used to validate findings resulting from the analysis of the interviews. The transcriptions
from the study facilitators were first translated, and then analyzed and coded using a two-step constructivist grounded
theory approach [10]. In the initial coding conducted by the three authors, we identified 14 themes that were sorted,
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compared and filtered to 6 salient themes which will be described in the next section. Additionally, the images and video
clips of the participants’ progression, were used to analyze the potential problems and shortcomings of the exercises.

5.1 Construction of Artefacts

The first thing the participant is asked to do, is to assemble the artefacts which facilitate the exercises: the wind turbine
and the house for the solar panel. This was a substantial part of the experience as it has the potential for engaging the
participants’ commitment and creativity. In this process, observations have been made with regards to engagement,
creativity, materials and difficulty. The small assembly task served its purpose of engaging the children and motivating
them in the activity to support the learning experience. All except two participants used positive expressions such as
“It’s fun to build it, and see what it does” (P6) or “It is cooler when you build it yourself” (P4) which also highlights the
importance of agency here. Only one participant described it as “boring” (P7), while another participant found it less
interesting “It’s a little fun, but LEGO is better, because the wind turbine can’t do more than one thing.” (P17) (We will
return to the effect of the context of LEGO World later in this chapter.)

During assembly there was opportunity for the participant to make creative choices with colours and patterns, which
the facilitators’ notes indicate could create or increase engagement. For example, P24 built it after a color pattern or P15
who specifically mentioned that the choice of decorations for the house was fun and also was extremely engaged in the
building of that artefact.

While the current material choices are not finalized and we hope in the future to adopt more local materials, several
participants took notice of the materials explicitly and expressed a range of opinions. There were many who enjoyed
the simple materials especially given the setting of LEGO World “It was actually fun that it was paper” (P29), while
others disliked it: “Not interested in paper. Only LEGO” - (P7). The dislike was primarily linked with a comparison to
LEGO bricks. Especially P7 showed a clear rejection and expressed that he owned LEGO sets that could do similar
options at home.

5.2 Manual Task Difficulty

Some participants seemed to struggle more with the manual complexity of the tasks, and we find that this could be
related to a lower age group, as the average age of the participants who had difficulties was significantly lower than
the average age. Several participants had issues with the plastic clips. While it was less the working principle, the
challenges seemed more related to the stiffness of the plastic clips, which were less flexible when used for the first
time. The average age of all participants was 8.5 years old and the average age of children that found the manual tasks
challenging was 7.7 years old. However, the majority of the participants did not exhibit any issues, but this of course
needs to be taken into account for future work.

Another difficulty observed was in getting the wind turbine to spin quickly. It was intended to be activated by being
blown on by the participants, but for three participants the resistance of the motor was too strong for the child to move
the turbine rapidly with their own breath, and they would need the additional breath power of the facilitator.

5.3 Display Shortcomings

During the trials some issues with the artefacts became apparent. These issues were with the screens’ shifting speed,
the icons they displayed, and with the motor of the turbine being too strong to turn for some participants. When the
artefacts had been assembled and activated, the electricity generated was used to shift the displays gradually between
two images, a sun and a half-moon and stars. However, there were some participants who found the change in the
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Fig. 5. (Left) Facilitator helping the participant assemble the turbine. (Right) Facilitator blowing on the turbine, while participant
watches the display change.

displays too slow or not clear enough “The change is too small” (P19). And the facilitators observed for P17 that the
change was too minimal and the participant thought nothing had happened.

Data also suggest that using sun/moon icons on the displays may have been counterproductive to a learning
experience in three instances, as it created a semiotic dissonance, as either a sun or moon would appear when the solar
panel was exposed to the light from a lamp, and it may have led them to use words and associations more linked to the
images, than to the actual functions of the energy generators. For example P13 “Wind turbine spins and it generates

power. It becomes blue from the cold. air.” or P6 exclaimed that “More heat” was created as the sun would be displayed.
Another issue caused by the design of the displays was that a few participants had difficulty guessing what the

artefact was, and some expected the EC display to have an interactive display which could be touched and then trigger
some reaction in the artefact as can be seen in Figure 6.

5.4 Seeing it work

After having assembled the artefacts, the participants can finally see them at work. They blow on the turbine, or
move the lamp to the solar panel and will see the EC display change. For most participants, this was a rewarding
and encouraging experience, as they could see their work pay off. For some, this stage is where they would have a
learning experience, when they saw it in action. Some participants were further engaged by the novelty of the changing
screen. P29, for example, expressed that the favourite part was “... especially to see it work when it was spinning.”. Most
participants also understood the working principal of the display showing different images depending on the switches
orientation or the direction the turbine was blown on and P24 (aged 9) even particularly mentioned polarity as the
reason for it. A few participants still needed more guidance to understand what they saw and only understood it after
several complete display switches. Three participants were generally less impressed by the effects and the simplicity of
the displays but still understood the overall working mechanism “It was cool that it became a sun and moon depending

on the way it spins, but it didn’t do much. It didn’t have a lot of functions” (P22).
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Fig. 6. Child tracing image on the EC display with index finger.

5.5 Depth of learning

The exercises were designed as participatory and interactive experiences that should illustrate the functions of wind
and solar power. We have found that a majority of the participants understood, or came to learn, how the energy was
generated and used to power the EC displays. As participants’ prior knowledge has not been consistently accounted for,
we cannot make definite claims to how much they learned, and how much they already understood. With that in mind,
we find that the exercises give most participants a surface understanding of the functional properties of the technology.
For example, P2 explained after building the wind turbine “Wind turbines create power. More wings spin faster and the

bend in the wing gives more speed”, however it is unclear how much knowledge was existing beforehand. The majority of
the participants recognized at least one of the two artefacts, most often they recognized the wind turbine. As mentioned
the previous section, some participants go through more of a learning process as they go through the stages of the
exercises, as they learn with the help of the facilitator. For example P26 described the house when seeing it for the
first time in the following way: “It looks like an oven”. With a little help, he understands how the solar panel work but
doesn’t quite understand the influence of the cloud, as he thinks it becomes night and the moon should come out. Here
clearly we saw a confusion through the display again, which created a certain mental model in the participants.

11
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Yes Maybe No
Wind Turbine Activity 16 (55,2%) 10 (34,5%) 3 (10,3%)

Solar Activity 18 (62,1%) 9 (31,1%) 2 (6,9%)

Table 1. Results of Again-Again question for the two activities

5.6 Task complexity

We have varying feedback on the complexity of the tasks, that might be linked with participant age. The tasks were
designed to be close-ended, in order to fit our allocated time frame, and our findings suggest that some participants
noticed that there was less room for exploration or advancement and felt a bit discouraged. However, we have found
that the average age of the participants that were bored, were higher (9.1years) than the average age of all participants
(8.5 years) (we have in this context disregarded those who thought it was boring in comparison to LEGO). P15 (age 10)
“It is between boring and fun because it gets boring over time [...] Both things are fun in the beginning, but then get boring

because I cannot paint it.”.

5.7 Quantitative Results

The results of the Smileyometer, align with these impressions. On a 5-point smiley scale rating from ‘Awful’ (1) to
‘Brilliant’ (5), the average was 3,97 for the wind turbine exercise with a standard deviation of SD = 0.87. And similarly
3,89 for the solar panel exercise with SD = 0.8. We could find no significant difference between age groups or gender for
both exercises.

In terms of the Again-Again questionnaire we found that more than half of the children wanted to do both of the
exercises again and that only around 10% were not inclined to do it again. An overview of this can be found in Table 1.
All children that answered no (independent of the activity) in the again-again questionnaire voiced either boredom
during- or had difficulties with the exercises.

6 DISCUSSION

First and foremost, it should be noted that we have not accounted for how much the participants learn from the exercises
or how much knowledge was retained. We purely investigated the experience as the presented activities follow the
LEGO Education Kit’s lesson plan. Given that previous studies have established the educational value, we were more
interested in how the new materials and construction activities would influence or hinder the experience.

Overall the results were rather positive, and only a minor part of the participants had problems following the
construction and experimenting activities. The first bigger problem arose from the stiffness of the plastic clips, these
can be mediated in multiple ways, for example by pre-bending them or asking the children to bend them several times
before using them. The usage of metal round head fasteners are another alternative that would make it a bit easier to
use as they are more bendable. The needed power to blow onto the wind-turbine was in some cases too high for the
child, but this could be solved by using a smaller motor that requires less torque to move. Furthermore we identified
other more complex and severe issues that arose during the evaluation and will discuss them below.
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6.1 Mental Model of Electrochromic Displays

Two of the major issues that were encountered were a direct result of a mismatched mental model of the role of the
electrochromic display. On the one side, the children assumed the display to be touch-enabled and to act as a trigger
to activate the artefacts. Given the socio-cultural background of the children it can be assumed that they had prior
experiences with touch enabled mobile devices and tried to apply their existing knowledge. The idea might have been
further reinforced by the fact that there where completely assembled versions of the artefacts. This aspect could be
mitigated by not starting with a completely assembled device. To overcome the general misconception of a touch-screen
would be a bit more problematic, given the plastics that are used for the production of the displays they easily give
this impression. A potential solution could be to add an extra layer that is frosted and gives less of a touch-screen
impression. However, as the target audience in developing countries might be less familiar with touch screens it could
also be less of an issue, but this needs to be tested and specifically to the cultural context adapted.

The second substantial issue that arose was that the graphical design was leading the participants to a mismatched
mental model for the underlying principles and may have created a semiotic dissonance. While this only occurred in
three instances it is still a highly problematic issue. The designs used for the displays (compare Figure 2) was meant to
be a more flexible and useful for other situations as well. However, given the results, we would rather chose a clearer
graphical design, for example a battery symbol. Again, these designs would need to be adapted to the social and cultural
contexts (e.g. batteries might not be a symbol of energy in some regions).

Besides these two issues however, the displays worked surprisingly well. While we originally also thought about other
technologies such as LED’s we decided that these displays can provide clear visibility even in daylight. Furthermore,
the EC displays stay in each state for a longer time so that after the children has, for example, used the wind turbine,
they had enough time to observe the displays change, which would not have been possible with an LED.

6.2 Free exploration

The exercises were closed ended in order to ensure a 10 minute duration per task, and this limited the options for
variation and exploration. A few participants also expressed interest in not only continuing the decoration of the house,
but also specifically asking if they can paint it, even leading to one participant expressing that it became boring because
they didn’t have the opportunity. This is also in line with the findings of [9, 26] and clearly shows the potential for a
more open-ended play situation. We are confident that the overall setup is strong enough to be adapted for open-ended
play. If the time-restraints were removed, the exercises and artefacts could be further developed with a "low floor, high
ceiling" approach. This has the potential of generating a longer and more fun play-experience, that facilitates deeper
learning and exploration. It would also be quite possible to create mechanism or simple machines such as 4-bar linkages
with the setup presented here. Similar to how the round head paper fasteners are already used in articulated paper
sculptures, this would allow for additional interactivity and could enrich the possibilities.

6.3 Validity of highly positive feedback

This study was conducted in the context of LEGO World 2020 where new products are launched and special exhibits
showcase existing products in new ways, i.e. full size car replica made from LEGO bricks, LEGO bricks that rain from
the ceiling, etc. The study participants were recruited in the ‘test area,’ where kids can take part in play studies with
prototypes and give feedback to the product development team. Many parents bring their children directly to this area to
sign up and take part in these play studies from evaluating concept videos, play testing soon to be released construction
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sets, or taking part in more exploratory studies. We believe that some participants may have been disappointed that the
tasks had little to do with LEGO bricks.

In spite of this, we have received generally positive feedback. When asked if they would play with the artefacts again,
over half said yes to both exercises, approx. a third said maybe and about or less than a tenth said no. We find the fact
that the feedback was so positive, in spite of the context of LEGO World and expectations that gave some participants,
to inform on the high validity of these results. We find this to be encouraging of further development of this positive
learning experience.

6.4 Data recording

Data is recorded as notes by facilitators during the exercises, and is not otherwise recorded. Therefore quotes from
participants may have been abridged or simplified by facilitators, and are therefore not direct quotes. In some instances
the facilitators have written the testimony of the participants in quotation marks, and in these instances we consider it
to be, if not direct quotes, at least a paraphrased quote that closely represents the participants’ statements. There are
also some some quotes and sentiments that stand as independent statements, but may have been prompted by questions,
and not stated on the participants own initiative. For example, the facilitator would ask what the participant liked about
the artefacts, and they would respond “I like the colours” as a response, not as an independently occurring statement.

6.5 Demographics and Subject Matter Knowledge

While we did not ask parents or children about their socio-economic situations, education or professional background of
parents, the participants in this study were attendees at the LEGO World event, thus, could afford the cost of admission
to the event. Furthermore, parents accompanied their children and chose to sign up for the study focused on power
generation, which may indicate receptivity and interest in the subject matter. The event took place in Copenhagen,
the capital of Denmark, which has wide support and awareness in childhood education of issues related to climate
change and sustainable energy [7]. Thus, we assume the children were likely to be somewhat familiar with the topics
and materials, e.g the solar panel. In future studies, we are interested in how participants from a wider cross-section
of backgrounds and demographic factors might yield different results. There is, furthermore, a significant lack of
female participant in this study, this is perhaps due to the demographic of LEGO World attendees or pre-selection of
participants. For this reason, it is not representative of how gender could affect the results and we have little indication
of whether female participants would have significantly different responses.

7 CONCLUSION & FUTUREWORK

In this paper we explored how cheap, low-cost materials and simple electrochromic displays can be designed to
support experiential learning about energy and power generation. For this, we employed a mix of open-ended play
and exploration as well as staged goal-oriented activities. We developed two learning activities that involve children
constructing working models that generate power including constructing a wind turbine and assembling a solar power
harvesting house. The results of our study demonstrate that the children were overall capable of constructing the
artefacts, understood the building mechanisms, were able to infer the power production part and in general were
positive about the experience. We identified challenges encountered by the children including interactions with the
construction materials and electrochromic screens as well as insights about the mental models that children had for
understanding the prototypes.
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In the future we would like to extend the evaluation to more formal and informal settings such as part of normal
school curricula. However, the main focus will on exploring how it can be adapted for children and schools in developing
countries. We will explore how to adapt the construction activities for the socio-cultural contexts as well as including
locally sourced materials for the construction and assembly that can be found in the respective regions.

8 SELECTION AND PARTICIPATION OF CHILDREN

The evaluation was carried out at the LEGO® World 2020 exhibition in Copenhagen, Denmark. This event happened in
February before the COVID-19 pandemic. While the evaluation did not happen in a public area, a poster was visible in
the main expo area with a pictorial explanation of the activity. Next to this poster the parents were required to sign a
consent form if they wanted to their child to take part in the study. The parents were provided with information sheets
outlining the aims of the study, the data that would be collected and how this data would be used. After that they would
get a specific time slot when they had to come back and accompany their child to the testing area. The children were
informed about the studies in simplified language on the way to the study area where the study facilitators would slowly
prepare the children for the study and also discuss their experiences at LEGO World so far and slowly get acquainted
with the children.
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