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Figure 1: The IoT toolkit consists of distributed wireless modules that appear in a visual programming environment as soon
as they are activated. They can be programmed in real-time and connecting sensor and feedback modules creates logical
connections between them in the real-world.

ABSTRACT
Children are increasingly exposed to everyday objects with embed-
ded computing and wireless capabilities. However, understanding
how these devices collect data, communicate information to other
devices, and interpret program instructions is not typically taught
to children. Moreover, programming these devices still requires
considerable knowledge particularly for primary school children.
In this paper, we showcase a distributed toolkit of various sen-
sors and output modules, each with wireless capability, that can
independently or in concert work together. This is enabled by a
programming environment with a real-time interpreter that can
connect and update the state of the modules on-the-fly. We tested
the system with 32 primary school children in an after-school study
and found that the majority of children knew how to couple sensors
to different output modalities to solve various devised scenarios.
For some children, the toolkit was also used to build IoT games or
fulfill personal tasks.
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1 INTRODUCTION
With the miniaturization of microcontrollers and wireless technolo-
gies, there is a growing portion of everyday objects such as lighting
fixtures, thermostats, cameras, home appliances, and wearable tech-
nology that exchange data and work in cooperation. The Internet
of Things (IoT) has changed how we interact with and experience
technology. However, as intelligent objects evolve in functionality
and complexity, most of us, as physicist and science writer Jeremy
Bernstein expresses, “are increasingly surrounded by objects that
we use daily but whose workings are a total mystery to us” [4].
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This issue is particularly more poignant for younger children
who are increasingly exposed to IoT technologies that work “like
magic.” Although, there has been a push to educate children on com-
putational thinking utilizing physical computing toolkits [8, 34],
tangible [3, 33, 38] and visual programming environments [11, 32],
and wearable computing platforms [20, 31], there has been little in
way of learning about how these devices interconnect and operate
from an IoT perspective. Moreover, helping younger primary school
children explore these concepts and design their own networked
system still requires considerable effort and technical knowledge,
because existing toolkits still follow a “one-microcontroller-to-
many-peripherals approach that requires interfacing with a com-
puter to write, compile, and download code” [21].

To address this issue, we designed a distributed toolkit of wireless
modules where eachmodule controls exactly one sensor or feedback
modality. The modules can be programmed on-the-fly through a
visual programming environment that sends instructions wirelessly
to a real-time interpreter running on each module. Connecting the
modules in the environment also links them in the real world and
allows for different programs to be created. In Figure 1, we provide
a simple scenario of how a child might use the toolkit to create
an intruder alert system, where a light sensor placed by a door
activates a remote RGB LED on a desk, perhaps as a notification of
an annoying sibling. The child begins by turning on the light sensor
module and the RGB LED module. This results in the modules
appearing instantaneously on a tablet programming environment.
Each of the modules can then be programmed in real-time via
interface elements such as dropdowns, textboxes, and sliders. In
this case, the child selects the light sensor to respond with limited
light and the RGB LED to have a default color of purple. Drawing a
connection between the two objects creates a natural if statement
so that when the light sensor receives limited light (e.g., when the
sibling is passing by), the RGB LED is activated to display the color
purple.

In this paper, we offer two primary contributions:

• We present the design and implementation of a real-time,
wireless, distributed toolkit aimed at lowering the barrier of
entry to primary school children’s exploration of IoT con-
cepts.

• We discuss preliminary findings from an empirical evalua-
tion with 32 elementary school children that offers a view
into the types of activities children may engage in with this
toolkit.

2 RELATEDWORK
The aim of our work is to help primary school children experience
IoT concepts in an engaging and non-intimidating way. Doing so
may serve as a basis for learning more complex interconnected
systems. In this section, we begin by examining IoT concepts and
providing a simplified working definition of IoT for children. Next,
we explore existing computational toolkits and physical computing
platforms for children and highlight the hardware and software
developments in this area. Lastly, we identify the gaps in these
platforms our kit intends to fulfill.

2.1 IoT Background
The combination of hardware, middle-ware, and presentation that
is representative of IoT typically refers to sensors or actuators with
computing power and communication capabilities, glue software
to enable the connections and data-exchange, and visualizations
for interpreting the data [15]. Only recently, have educators made
explicit the teaching concepts underlying IoT, including embedded
programming, computer hardware, networking, and distributed
systems [1]. Although, several courses have emerged from this
discourse, they have all been at the university level [24]. Ideas such
as embedded programming and distributed systems still remain ab-
stract and technically advanced for younger audiences. It is unclear
what IoT concepts are meaningful or what the best practices are
for teaching these ideas to young children.

To lower the barrier of entry for primary school children, we
employ a user-centric definition from Gubbi et al., where IoT is
described as an “interconnection of sensing and actuating devices
providing the ability to share information across platforms through
a unified framework, developing a common operating picture for
enabling innovative applications” [15]. We adapted and simplified
this definition in consideration of our target user group (children
typically between 6-10 years of age) as, a) sensors that detect input
from the world around them, b) feedback modalities that can follow
rules and respond to the sensor data, c) software to transmit/receive
data and manage connections between devices.

2.2 Toolkits and Platforms
There is already a broad body of work on computational toolkits
and programming environments for children (see reviews [7, 22]).
Although only a smaller subset of these are aimed at primary school
children [39], it is a quickly growing area. Researchers have typi-
cally employed block-based interfaces such as Scratch Jr. [11] and
KidSim [36], tangible physical manipulatives like KIBO [38], or hy-
brid environments [16] like Strawbies [17] in the design of these pro-
gramming environments. Tangible toolkits such as Cubelets [33],
and LittleBits [3] have been increasingly popular with younger
children since they provide immediate sensory engagement [40],
visibility and concreteness [5].

Additionally, physical computing platforms such as the Lily-
Pad [8] and Flora (adafruit.com/flora), although still difficult for
younger children, have helped broaden participation of underrep-
resented groups. To address some of the programming issues faced
with these platforms, newer child-friendly kits such as the BBC mi-
cro:bit [34], Calliope (calliope.cc), and Kniwwelino (kniwwelino.lu),
couple hardware with a block-based programming environment
rather than the traditional text editor. While existing toolkits and
platforms can certainly be used to explore IoT concepts (and have
for K12 [35] and undergraduate students [25]), they are really de-
signed to facilitate maker activities or teach programming. For
younger primary school children, ConnectUs [26, 27], which con-
sists of an interactive sensing cube embedded with a variety of
sensors, light arrays, and Bluetooth technology, was designed with
IoT in mind. Each cube can be wirelessly connected to other cubes
and programmed via a block-based interface. Although, the system
was described as conducive for learning IoT concepts [26, 27], it was
never evaluated for that purpose, but rather as a toolkit in special
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needs classrooms [28]. Perhaps the work closest to our own is Sam
Labs (samlabs.com), a commercial kit used by researchers to explore
IoT tangibles for socio-emotional learning with primary school
children [13]. They used paper-based conceptualization cards to
scaffold children’s pairing of various sensing and feedback modali-
ties. Their designs were then programmed with the assistance of
an adult.

2.3 Aspects of Modern Toolkits
The abundance of computational toolkits and platforms begets the
question why these existing systems cannot be used to explore IoT
concepts. As alluded to earlier, since these systems are designed
primarily for maker activities and/or to teach programming, con-
sequently, many of the boards follow a conventional embedded
systems model, where a single microcontroller often controls mul-
tiple sensors and feedback modalities on the same board (e.g., BBC
micro:bit, Calliope). Even with wireless capabilities integrated on-
board, exploring IoT requires programming/debugging multiple
boards via a block-based interface and then negotiating the com-
munication between them. Since these programming environments
are not typically supportive of multiple boards on the same screen,
each board needs to be programmed separately. Moreover, many of
the environments described in the previous subsection do not allow
for instantaneous execution of code and still follow a traditional
program-upload-debug cycle.

These aspects of modern toolkits can make exploring IoT con-
cepts a technically fraught and time consuming experience for pri-
mary school children. In contrast, our approach follows a distributed
model where sensor and output modules are wirelessly independent.
Moreover, the programming environment supports multiple mod-
ules and evaluates program statements in real-time. Recent work
by Cabrera et al. has shown that by enabling live programming,
children (11-15 years of age) actually spend more time interact-
ing directly with the physical device [9]. While there are certainly
toolkits such as Talkoo [19] and LegoWeDo (education.lego.com/en-
us/support/wedo-2) that implement visual flow-based program-
ming, the individual hardware modules lack wireless connectivity

and require either USB hubs or separate external wireless mod-
ules. Perhaps the only exception here is the previously discussed
Sam Labs (samlabs.com) toolkit. It consists of Bluetooth enabled
blocks that can be programmed wirelessly through a flow-based
programming environment. The blocks require an initial pairing
with the computer, but the programming environment follows a
similar paradigm to our own.

Perhaps, the more important distinction between our toolkit
and prior work, is the idea of “selective exposure” [7], defined
by Blikstein as “aspects of technology that are either exposed or
hidden” from children “depending on theoretical and pedagogical
commitments” [7]. In our particular case, the inter-connectivity of
modules, based on our working definition of IoT, is foregrounded
to children rather than teaching programming or electronics. In the
next section, we discuss how this design heuristic was used in the
development of the toolkit.

3 IOT TOOLKIT
The toolkit (Figure 2) consists of cube shaped wireless modules
that operate in a distributed fashion to ease children into explor-
ing IoT concepts. The modules can be programmed from a visual
programming environment installed on an Android tablet. The
cubes are divided into input and feedback modules, where input
modules abstract sensors and feedback modules serve as visualiza-
tions. Although the feedback modules can be used stand-alone (e.g.,
just having the serial LCD display your name), the input modules
require feedback module(s) to visualize sensor data in some mean-
ingful way. The input modules (Figure 2 left) consists of a distance,
temperature and light sensor. The data from these modules can
be visualized through a serial LCD display, motor, RGB LED, and
speaker (Figure 2 middle).

At the heart of every module is an Wemos ESP8266 microcon-
troller with built-in WiFi. Each module is powered by a 500 mAh
lithium ion battery that is controlled through a tactile switch located
on the side of every module. Each module can also be charged via a
micro-USB charging port. The circuitry is housed in a laser-cut semi-
opaque Plexiglas case with a child-friendly icon to indicate the type
of module. For example, the temperature module has a thermometer

Figure 2: The toolkit consists of four feedback and three sensor blocks (left). A tablet-based visual programming environment
can be used to program the modules and establish logical connections between them (right).
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symbol etched on the surface. An exploded view of the circuitry for
a sample module is shown in Figure 3. The majority of electronics
is hidden and only the sensor or feedback element is “selectively
exposed” to help children identify what they are programming.
Thus, the actuator becomes the primary pedagogical focus of the
interaction rather than the surrounding electronics which may be
confusing to young learners. From a software perspective, modules

Figure 3: An exploded view of the temperature module

receive and send data/instructions over a shared WiFi network.
Each module runs a real-time interpreter for executing instructions,
which are formatted for communication as JSON messages. When
a module is switched on, it advertises itself on the network and is
immediately picked up by the visual programming environment on
the tablet. Each module by default is running an infinite loop, so
any instructions sent to the module will keep running indefinitely
until it is modified. Typically, many programming environments
for children require the child to drag-and-drop a “forever” block
into which nested instructions can be placed. However, researchers
have found that the concept of a forever loop was not understood
by most primary school children [2], especially for polled actions
like reading sensor values. As a result, we “selectively hid” this
aspect from children in our design.

The visual programming environment consists of a blank canvas
that is populated as modules get turned on. Each module (both
input and feedback) has a virtual representation that specifies what
kind of module it is along with instructions of how to program the
module. Modules can be programmed using common user interface
elements such as text fields, color pickers, sliders and drop-down
menus. A change in state of the virtual module reflects instanta-
neously in the real-world module. We selectively chose to expose
and evaluate syntax in real-time through GUI elements to help chil-
dren focus on learning the modules quickly. This shifts the focus
away from composing programs and downloading them via USB
to each module.

Children can establish connections between the sensor and feed-
back modules by drawing virtual connections in the programming
environment. A one-to-one connection between a sensor and a feed-
back module represents an if-statement. This can also be extended
to one-to-many connections where input from one sensor can con-
trol multiple feedback modules. For example, when the light sensor
receives no light, it can turn on both the RGB LED and the motor.
The behavior of the LED and the motor depends on how they were
initially programmed. Multiple sensor modules can also be coupled
to create many-to-one or many-to-many relationships. When mul-
tiple input modules are utilized, then all the sensor modules have to
be true (logical “AND” operation) to activate the feedbackmodule(s).

Once the modules are programmed from the visual programming
environment, the program is persistent (e.g., tablet can be turned
off) and the modules can independently exchange messages with
each other. Since our focus was to help children explore intercon-
nections between devices, rather than teach them programming,
we chose to expose the if-statement through virtual connection(s)
instead of separate visual elements, as is typically the case with
block-based programming environments.

4 TOOLKIT EVALUATION
The aim of our evaluation was to assess how younger primary
school children (6-10 years old) would use our distributed toolkit
to create IoT systems. Moreover, we wanted to capture children’s
reflections on the connections they made between the various mod-
ules.

To this end, we recruited 32 children (16 male and female) from
a local primary school aged between seven and ten years old (2-
4 grades, M = 8.53, SD = 0.84) for an in-school evaluation. The
study was conducted in the school’s “social room” where children
typically went to read books, play games, and participate in informal
craft activities. Of the 32 children, two 4th grade children had prior
experience with programming environments.

Figure 4: Each session consisted of a brief introduction, two
IoT-related tasks, a free play period, and a post-session in-
terview.

We began with a brief introduction of the toolkit and the pro-
gramming environment to help children explore and familiarize
themselves with the system. This was followed by two tasks and
an unstructured play segment (Figure 4). For the first task, chil-
dren had to create a morning alarm system and for the second, an
intruder alert system. Children were free to solve the problems
in whatever way they chose fit, especially since multiple modules
could have been used to realize the solutions. For example, the
intruder alert system can be realized through the light sensor as
depicted in our sample use case in Figure 1, or through the distance
sensor. Similarly, the speaker, motor or RGB LED could have been
used to signal an alarm or alert. After children worked on the tasks,
they were encouraged to freely explore the modules to express
their own ideas (Figure 4). The study concluded with a brief semi-
structured interview to help children showcase their creations and
gather overall impressions.

To facilitate collaboration and communication during the study,
we recommended children to form groups of two. As a result, we
had a total of 16 groups, where each group was evaluated separately
in the “social room.” The studywas conducted over the course of five
days and it took approximately 45 minutes to evaluate each group.
We obtained informed consent from the parents and children and
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the entire study was approved by our research institute. Children
did not receive any compensation for their participation.

4.1 Data and Analysis
During the study, we conducted contextual inquiry while chil-
dren were working with the toolkit as informed by Beyer and
Holtzblatt [6].We focused on contextual inquiry because wewanted
children to take an active role in leading their session by demon-
strating and talking about their tasks. Young children, typically have
difficulty in describing what their technology needs and wants may
be outside of the context they are working in [10]. We also main-
tained field notes, and video recorded children’s screen interactions
with the system. We conducted a qualitative analysis of the data
using a two-step coding process beginning with descriptive coding
stage to highlight relevant material, followed by a more in depth
interpretive coding to identify specific patterns [23].

5 RESULTS
We were pleasantly surprised by how engaging our IoT toolkit was
with the children. There was also an unanticipated playful aspect
to our toolkit that made it quite popular. This was evidenced by
our recruitment numbers. When we first started our evaluation, we
intended to recruit 20 children (10 groups of 2). However, our initial
set of participants enthusiastically advertised our work to their
friends and twelve extra children decided to naturally participate.
Moreover, during the week we conducted the study, children who
had participated, kept returning to the “social room” to express
further ideas for the toolkit. One 9-year-old boy offered to buy the
kit from us with his €17 life savings.

5.1 Module Coupling
Of the 16 groups that took part in the evaluation, ten groups suc-
cessfully finished at least one task. Eight of these ten groups were
able to solve both the morning alarm and intruder alert tasks. Typ-
ical solutions for the morning alarm included coupling the light
sensor with the RGB LED or speaker. A few groups used multiple
feedback modules to make the alarm more salient. The intruder
alert was the harder of the two tasks and was usually solved with
the light or distance sensor coupled with the RGB LED or speaker.
Two of the groups explored multiple feedback modules for the alert.
For example, one group placed the light sensor by the door and
used the RGB LED, speaker, and LCD serial display (with the text
“ALARM”) in conjunction to alert the user.

Of the six groups that had trouble completing both tasks, three
understood how to couple sensors and feedback modules only after
some guidance or during the free play portion of the evaluation.
Even though, we expected age to play a factor here, we did not
find it to be the case, as both groups of older and younger children
missed the tasks. However, we did observe that children from the
second grade had difficulty in understanding the input modules
and with establishing connections between modules in contrast to
third and fourth graders.

5.2 Understanding IoT
Instantaneous feedback played an important role in helping chil-
dren better understand the toolkit. We observed a kind of sequential

trial and error process where children started with exploring either
the input or feedback modules separately and using the real-time
feedback to debug any issues they faced. For three groups, this
process stopped at just programming the various output modules.
They however understood that the tablet was communicating and
controlling the feedback modules remotely. In using just the LCD
serial display, an 8-year-old boy had the following suggested use
case:“Display is good for home, so one can order food from the kitchen.”

For the other 13 groups, the exploration process continued with
the connection of one input to one output. Figure 5 (2nd from left),
shows a child trying to figure out the distance sensor by drawing a
reference ruler on paper and bringing his hand closer to activate
the coupled RGB LED module. By changing the distance sensor
threshold values in the programming environment and having it
reflect in real-time the child was able to better debug the system.
The reference ruler in this case focuses on his understanding of
measurements. The connection of one feedback module prompted
the connection of others and this led children to try a daisy chaining
approach (e.g., light sensor->RGB LED->LCD serial display). This
was interpreted as first cube “talking to the second and the second to
the third.” However, since it did not have the desired effect, children
eventually discovered that sensor modules can be connected to
multiple outputs.

But perhaps more importantly, we found that children were
able to connect the toolkit to smarthome scenarios. We already
mentioned the potential use of the LCD serial display for ordering
food at home, but children also found the distance sensor and RGB
LED combination analogous to automated light systems. One child
explained a possible use case, “Light goes on when you enter a room.
It’s good for the house”. Similarly, another 8-year-old girl, related
how a similar distance sensor might be used in smart toilets: “We
have the same distance sensor in our toilet. If you come close to the
toilet it comes on.”. Some groups further understood that blocks are
interconnected and data is exchanged between them. The children
reasoned that this should allow them to combine functionalities
with each other.

5.3 Personal Games
During the free play segment of the evaluation, children appropri-
ated the toolkit for their own tasks or invented new games. Perhaps
the most popular aspect of our toolkit was the LCD serial display
in part due to its expressivity. As one child commented, “I like the
display cube the most, because I can write everything that I want.”.
Children used the module to display the names of their favorite
football players, pets, or even give compliments to their group
partner. They also used the LCD serial display to play a version
of the “Who am I?” guessing game where the module (with name
of animal or person) was held to the forehead instead of a card
or piece of paper. Messaging was another popular activity with
children; in this scenario one child would hide somewhere within
the room with the serial display and the other child would write
secret messages through the tablet.

Although these games were simple in nature utilizing one feed-
back module, there were seven groups that utilized both the input
and output modules during free play. In many cases, it was used to
better understand the workings of the toolkit. One of the groups
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Figure 5: Different examples of toolkit use (from left to right): using the motor module with the distance sensor to make a
nail polish dryer, understanding the distance sensor using a reference paper-based ruler, combining multiple modules for an
alarm system, and creating a game by combining three feedback modules (LCD-text, sound-module and multi-color light).

(7 and 8 year old boys) which had trouble completing the original
tasks, understood the toolkit only during free play. After experi-
menting with the modules, they used the temperature sensor along
with the speaker to compare the ambient temperature inside versus
outside. Another group, consisting of a 9-year-old boy and 8-year-
old girl, devised a nail polish dryer (Figure 5 left) with the distance
sensor, such that as the fingers got closer to the sensor, the motor
turned on. One of the more complex examples, which used the
logical “AND” operator, utilized the distance and light sensor with
the LCD serial display. In this game, when the conditions for both
sensor inputs were fulfilled (e.g., put one hand at the right distance
and the other at the right height) the LCD display showed “You
Won!”. We had two other groups that used multiple input sensors
and used the logical “AND” operation in this fashion. One of the
groups explained it to us as, “Both conditions have to be fulfilled to
make an LED module on the whole time.”

5.4 Toolkit Pitfalls
We observed that children who had trouble completing the tasks
had difficulty in understanding the sensors. The reasons for this
were two fold: 1) some children had difficulty in identifying the
icon symbols on the physical modules 2) there was some confusion
that the sensors by themselves did not provide any feedback; they
required a connection to be drawn in the visual programming envi-
ronment to an output module. Consequently, some of the groups
remained with exploring the feedback modules. This caused some
children to connect the feedback modules together even though it
did not accomplish anything programmatically.

One of the groups used two channel connections between each
module block within the programming environment instead of
just drawing one connection. They explained this to us as: “This
is so each module can communicate. If we only use one connection,
only one of the modules can share information.” This can be seen
as a problem with the way we visualize information flow within
the application. However, it does indicate an understanding of
communication between various distributed blocks that need to
exchange information in order to work properly.

The toolkit was also limited in expressivity. With the RGB-LED
module for example, a child could pick the brightness and color,
but there was no way to blink patterns. Although our design was
purposefully simplistic to teach children basic IoT concepts, par-
ticipants in our study often requested enhancements or proposed

newer modules. For example, one 7-year-old girl requested adding
a color picker for sampling colors from the real world. Generally
the use of the toolkit sparked creative ideas for further blocks that
should be included in the kit. For example, one group asked for a
camera block that would transfer pictures to a wireless “TV-Block”
to see recorded pictures and videos. Although this was a good sug-
gestion for an IoT application, most of the suggestions were for
singular cubes based on personal interests. Some of these included
a keyboard cube to enter text into the display cube, a magnet-cube,
a math-cube to do calculations, a flying cube (inspired by the motor
cube with the propeller), and a music-cube with different notes to
compose a melody.

6 DISCUSSION
Our evaluation provided promising results in support of the dis-
tributed IoT toolkit for elementary school children. Over half the
participants successfully completed at least one task and of the 6
groups that missed both tasks, 3 groups made logical module con-
nections during the free play portion of the study. In this section we
discuss the implications of our work particularly with respect to IoT
thinking, the tradeoffs in our design, and the value of instantaneous
feedback.

6.1 Towards IoT Thinking
The idea of interrelated computing devices that gather data and com-
municate wirelessly with each other may seem obvious to adults in
the modern world. However, to many younger children the basic
concepts of how this may be accomplished are far from transpar-
ent. In our study we found evidence of basic IoT thinking, where
children linked sensors to feedback modalities through rule-based
systems, not unlike what adults may do with real IoT systems. For
example, an adult may program electronic blinds to automatically
open when light is sensed outside. Similarly, children in our study
utilized the temperature sensor to activate the speaker when they
were outside. Moreover, we were encouraged that some groups
were able to make the logical connection between the kit and vari-
ous smarthome scenarios without our prompting. One group even
highlighted the need for full-duplex communication between dif-
ferent modules. These examples showcase aspects of the definition
of IoT (for children) proposed in subsection 2.1.
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Although we had some measure of success with the toolkit, the
sensor modules were sometimes simply hard to understand for a
few children. This could have been because the tasks we designed
were not representative of what children were actually interested
in or would design on their own. For three groups, the free play
portion proved to be more valuable in learning the toolkit than
the actual tasks. A form of guided discovery, where the facilitator
stimulates the learner in active inquiry and discovery [29], may be
more appropriate with some children.

It may also have been that the lack of immediate feedback with
the input modules, did not provide the necessary sensory engage-
ment [40] for an easy entry point [37]. Another approach would
have been to provide real-time sensor values as abstracted animated
icons in the visual programming environment. For example, the
data from the distance sensor can be depicted as an animated ruler
which changes in size based on real-time interactions. This would
lead to a more transparent interface one that is focused on revealing
more of the inner workings of the system rather than a black box.

6.2 Between Transparency and Magic
A possible critique of our system is that it favors automation in
place of transparency. By “selectively hiding” the electronics and
programming syntax, it was much too easy to establish intercon-
nected modules, resulting in less personal reflection. For the few
children who had trouble with the kit, the feedback modules alone
were compelling and engaging, preventing further exploration and
problem solving. Moreover, the toolkit was considered a toy by
many children, as evidenced by the free play portion of the study.
This highlights a trade-off betweenmaking things work “like magic”
and exposing all the details, an aspect of design that needs to be
carefully considered in future implementations.

Indeed, as Gross and Eisenberg have pointed out, there is a “fine
balance between eliminating needless complexity to make a more
elegant design environment, and hiding important detail in the
name of ease-of-use” [14]. In essence, the technological environ-
ment must encourage curiosity and mastery, and mastery almost
always implies a struggle or a challenge. However, if the experi-
ence is too challenging then children may get frustrated. What is
needed is a kind of “pleasant frustration” [12], where challenges
feel hard but doable. This balance is indeed hard to strike with
younger children.

6.3 Debugging by Design
The real-time nature of our toolkit was particularly salient in the se-
quential trial and error process children used in exploring the mod-
ules. Consequently, the instantaneous feedback, seemed to promote
debugging naturally. Similar to other studies in this area, children
were less concerned about saving their programs and focused more
on interacting with the device [9]. We believe this was in part due to
the absence of the traditional program-compile-upload-debug cycle.
As recent research in this area has shown live programming seemed
to prompt shorter more numerous interactions with the physical
device, and supported a more incremental development process [9].
In recent years, researchers have highlighted the importance of de-
bugging in the learning process for children and students. The idea
of debugging as a kind of “productive failure” has been highlighted

not only in computer science education [18] but also in physical
computation [30]. Therefore, real-time feedback and programming
may hold promise in promoting debugging activities in children, as
a way to help them spend more time on tasks central to learning,
rather than on the technicalities of making things work.

7 LIMITATIONS & FUTUREWORK
In our current implementation, the individual modules are some-
what bigger in size since we used off-the-shelf components. While
this can be an advantage, especially for younger children, in han-
dling the modules during play, it restricts the integration of the
modules into crafts or body-worn creations. Future versions of the
toolkit can be made smaller by designing our own custom PCBs
that integrates the electronics on a single board. This would also
help us in producing the new modules children requested more
quickly (e.g., color picker, camera block, music cube).

From a software perspective, the current visual programming en-
vironment is somewhat limited in expression. Our goal was to pro-
vide a low barrier of entry for interconnecting modules and while
we were successful in this aspect, it could certainly be improved.
Supporting more logical operators would be a good starting point
but also more explicit communication options betweenmodules and
external web services. A major part of modern IoT that is missing
in our implementation is the integration of external web-services
to provide additional contextual data such as weather information.
This provides a more complete view of IoT and we imagine these
services as “virtual building blocks” that can be integrated as easily
as tangible blocks. However, more research needs to be conducted
on how best to integrate these blocks in an understandable way to
primary school children.

Lastly, our study lacks a formal evaluation of children’s under-
standing of IoT. Based on our working definition, we used specific
representative tasks and informal contextual interviews during the
sessions to see how children would use our toolkit. In many ways,
our work in IoT is at a very early stage. Although, we consider our
work exploratory, future work will need to establish a more formal
idea of what IoT concepts are applicable to younger children. These
concepts and evaluation tools may need to be tailored based on
age-related differences.

8 CONCLUSION
In this paper, we presented the design and implementation of a dis-
tributed toolkit to support children with exploring IoT concepts in
a hands-on manner. We reported findings of our exploratory study
with 32 school children investigating the types of activities chil-
dren engage in with this toolkit. Our results suggest that children
showed an understanding of basic IoT by linking devices using
rule-based systems and started to connect scenarios with home
automation systems. The real-time nature of our toolkit was partic-
ularly helpful in fostering debugging among children, particularly
when exploring the modules. Given the rise of IoT technologies and
the complexity created by interconnecting these devices and ser-
vices, our “ready to use” approach focuses on exposing IoT concepts
in an age-appropriate modern way.
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