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Figure 1: TronicBoards is an electronic toolkit that includes a) easily graspable, manipulable and understandable modules, b)
multiple connectors that accommodate varying motor skills, stands to assist stabilization, visual and tactile cues like traffic
light colors and unique edge shapes to assist connection order. It provides participants with a range of intellectual disabilities
the opportunity to (c) enjoy the experience of circuit making through a personal sense of agency.

ABSTRACT

Engagement with electronic toolkits enhances people’s creative abil-
ities, self-esteem, problem-solving skills and enables the creation
of personally meaningful artifacts. A variety of simplified electron-
ics toolkits are increasingly available to help different user groups
engage with technology. However, they are often inaccessible for
people with intellectual disabilities (IDs), who experience a range
of cognitive and physical impairments. We designed and developed
TronicBoards, a curated set of accessible electronic modules, to
address this gap. We evaluated it one-on-one with 10 participants
using a guided exploration approach. Our analysis revealed that
participants were able to create simple sensor-based interactive cir-
cuits with varying levels of assistance. We report the strengths and
weaknesses of TronicBoards, considering participants’ successes
and challenges in manipulating and comprehending toolkit com-
ponents, circuit building activities, and troubleshooting processes.
We discuss implications for designing inclusive electronics toolkits
for people with IDs, particularly in considering design elements
that improve functionality, comprehensibility and agency.
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1 INTRODUCTION

Electronic and computational toolkits can facilitate the creation
of circuits and digital artifacts that support the development of
STEM knowledge, creativity and logical thinking. A number of
these toolkits have been developed in recent years to engage di-
verse user groups in playful, hands-on circuit building activities
(e.g., [5,5, 11, 12, 16, 28]). In addition to skill building, interaction
with electronic toolkits has been shown to improve self-confidence
and mental health by facilitating a sense of agency and enjoy-
ment [47, 51]. Unfortunately, people with intellectual disabilities,
who have a range of cognitive and motor skill requirements, have
limited options in this space, in part, due to the accessibility is-
sues of existing toolkits. Hence, they often miss the opportunity to
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experience the bene ts arising from being involved in the digital
artifact-making process.

In order to make electronic toolkits accessible to people with
intellectual disabilities, researchers have typically adapted o -the-
shelf toolkits to make the individual modules more discernable
and support better handling and manipulatiod§ 22. Although
these altered toolkits have had some measure of success, the au
thors noted several accessibility issues related to underlying module
design (e.g, unmodi able tiny controls for switches and potentiome-
ters) [22. There has been very little prior work17] that has con-
sidered designing custom inclusive toolkits to accommodate the
diverse and special needs of this population. TronicBoards aims to
address many of these issues with a custom electronics toolkit that
can expand the circuit-making activities of individuals with a range
of intellectual disabilities.

We designed and developed TronicBoards based on prior work
from literature and our re ections from preliminary workshops
with individuals with IDs. TronicBoards consists of a range of ac-
cessible custom-made printed circuit boards covering power, action,
and sensor module categories and multiple connector alternatives to
cater for diverse abilities and interests. It has also been designed to
assist easy physical manipulations and provides several visual and
tactile a ordances to assist comprehension of toolkit components
and circuit structure. We evaluated this toolkit with 10 participants
with a range of intellectual disabilities (assisted as required by dis-
ability support workers) during one-on-one sessions using a guided
exploration approach. By conducting a thematic and interaction
analysis of these sessions, we found that TronicBoards lowered the
cognitive and physical barriers to electronics circuit making. We
also reveal several bene ts of TronicBoards related to facilitating a
sense of agency and enjoyment. However, we also identi ed several
pitfalls in our design. We discuss areas that require improvements,
including re nement to enable more independent and customized
physical manipulation, comprehension and troubleshooting, and
error-less circuit making.

Our contributions include: (i) design and development of Tron-
icBoards; a custom-made accessible electronics toolkit for people
with intellectual disabilities; (ii) empirical evidence from one-on-
one evaluation sessions of how people with intellectual disabilities
engage with TronicBoards toolkit in terms of what they could
achieve and the challenges therein; and (iii) insights regarding the
a ordances necessary to support a personal sense of agency. These
contributions take one step forward to making electronics-based
circuits more accessible for people with intellectual disabilities, a
timely and important area that has the potential of improving their
self-esteem, empowerment and skillset.

Our overarching vision with TronicBoards is to provide an op-
portunity for marginalized communities, especially people with
disabilities, to move from passive recipients of technology to active
designers of personally meaningful computational technologies.
People with disabilities have specialized needs much like other
marginalized communitiesg6 27). We envision a future where the
tools and systems are exible enough, so they can craft smart arti-
facts and potentially their own assistive devices independently or
with limited support from caregivers and disability support workers.
More broadly, our goals are to help them become active participants
in a mixed-ability maker culture 2], which contributes to learning
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opportunities as well as social well-being. Towards this end, the
work presented in this paper provides empirical evidence to better
understand how to design accessible electronic toolkits to improve
the sense of agency in people with intellectual disabilities.

2 BACKGROUND

Within the scope of our work, we identifyntellectual disabilities
(IDs) as a group of neurodevelopmental disorders characterized by
limitations in general mental abilities, such as reasoning, problem-
solving, planning, abstract thinking, judgment, and learning 42.
These limitations commonly cause impairments in cognitive func-
tioning (e.g., memory, attention, perception) and social functioning
(e.g., communication, languagey, #J. Typically, severe IDs are
also accompanied by impairments in motor functioning (both ne
and gross movements and motor planning) and sensory function-
ing (vision and hearing de cits and also hypersensitivity to lights,
sound and touch)42. We acknowledge that there are varying
de nitions and preferred terms to describe intellectual disabilities
depending on country, culture, and context. We utilized the term
intellectual disability because it was the term used by the partici-
pants and disability support organizations. This terminology has
also been widely adopted in the HCI research [17, 25, 49].

Individuals with IDs are one of the most marginalized and under-
served groups in society, with many lacking access to develop-
mentally appropriate education and traininé{), particularly in
accessing digital technologie89 and STEM-related tools that are
now commonly available to the general population. Engagement in
technology or STEM-related activities not only facilitates creativity
and learning of new cognitive skills but also impacts social com-
munication and collaboration]5. Tangible digital technologies
and toolkits further support improving motor and sensory skills
through practice for individuals with IDs. But perhaps more im-
portantly, these technologies help provide a sense of control and
raise a personal sense of agency and autonomy in performing daily
activities [15 39. Moreover, we strongly believe that despite im-
pairments, people with IDs also have a right to access and utilize
emerging technology (e.g., electronic and computational toolkits) in
much the same way as the rest of society, albeit in a more inclusive
and appropriately designed way.

3 RELATED WORK

In recent years, there have been a plethora of computational, maker
and electronic toolkits for craft, creativity, and STEM-related ac-
tivities. Some of these toolkits have also catered to the needs of
speci ¢ user groups such as older adults, children, and, more re-
cently, individuals with disabilities. In this section, we identify some
of the design considerations and a ordances employed by prior
work in this area that have informed the design of TronicBoards
for people with IDs. We cover a curated list of related work from an
accessibility perspective. Refer to more recent surveys on electronic,
tangible and computational toolkits7, 52 for a more comprehen-
sive overview.

3.1 Accessibility Features of Existing Toolkits

Simpli ed electronic toolkits are increasingly available for STEM
education. Some of these toolkits, including the BBC Micro:BH[
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Snap Circuits 16 and Little Bits [5], abstract electronics and pro-
gramming or provide accessibility features to facilitate the con-
struction of circuits and programs. Little Bits and Snap Circuits, for
example, have larger modules that encompass the tiny electronic
components to improve graspability. They also include indicators
such as arrows, plus and minus signs to facilitate the understand-
ing of connections §, 16. Actual electrical connections with these
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circuit design to participants with IDs by embedding LilyPad com-
ponents into puzzle pieces and decreasing the level of ne motor
control required to sew circuits1§. They included colored lines
to indicate which threads in di erent puzzle pieces could connect
together. In a pilot study, they found that users were able to cre-
ate their very own e-textiles. However, these kits also identi ed
areas of improvement, particularly for people with motor impair-

kits are accomplished via magnets and snaps as opposed to breadments. Most notably, Hollinworth et al. found that participants had

boarding or soldering to simplify the circuit building process. Other
kits such as Micro:bit support jumper wires, crocodile clips, and ba-
nana plugs to better leverage the existing Maker and DIY electronics
ecosystem. To improve the craftability of electronics in textiles, the
LilyPad Arduino [1]] uses relatively large conductive pads with
holes to facilitate connections through conductive thread. Alterna-
tively, Squishy circuits employ conductive dough that can be made
with readily-available ingredients to provide chunky connector
options [21, 3F. Since dough can be shaped to form connections,
Squishy circuits helped participants learn that a closed circuit is
required to conduct electricity and actuate components [45].

In designing an electronic toolkit for individuals with IDs, we
were in uenced by these prior toolkits and utilized many of the
same techniques for graspability (particularly for individuals who
may have secondary motor issues), comprehensibility and simpli-
ed connections. Furthermore, remaining exible in the design to
accommodate a variety of circuit construction methods as in the Mi-
cro:bit was recognized as most suitable to facilitate circuit building
for diverse users who would fall somewhere in the ID continuum.

3.2 Altering Toolkits for Inclusivity

Previous research has also examined taking existing electronic
toolkits and adapting them for di erent user groups such as older
adults and children. The Craftec toolkit system, for example, makes
the LilyPad Arduino's connection points more accessible to aid older
adults' crafting practices28. Its soft and hard versions reduced
short circuits and facilitated better integration of electronics into
craft artifacts in workshop evaluations with older adult@§ 29.
Specialized kits based on Lilypad, such as EduWad, plso exist

for children. EduWear breaks out the sensors and actuators into
easy to sew textile patches for younger children. Since younger
children are still developing their motor skills, research has also ex-
amined single-function electronic modules that can be combined in
a magnetic socket mesh to create complex interactive clothi3g.[
These toolkits highlight the importance of facilitating electronic
connections in a non-frustrating manner. Chu et al. found that alli-
gator clips, clothing snaps, and D-sub pins were the most usable
and aligned with young children's abilities1[d. These ndings
informed out choice of connectors (particularly the use of alligator
clips) for our toolkit with our target user group.

Apart from children and older adults, a number of adapted toolk-
its also exist for individuals with IDs. LittleBits Go LARGE incorpo-
rates the LittleBits modules into 3D-printed bases to increase the
surface area for easier handling and manipulati@g[for people
with learning disabilities. They also augmented the design of the
modules to make their functions more obvious and understandable,
particularly the shape-based di erentiation between input and out-
put terminals R4. Similarly, Gotfrid and Shinohara, introduced

challenges manipulating tiny controls such as sliding switches and
variable potentiometers (e.g., adjusting the color of an RGB LED) to
customize the modules in the LittleBits Go Large proje2f][ This
highlights the need for a solution that addresses these issues, such
as individual electronic component selection (e.g., larger or custom
switches, easy-to-turn potentiometers) in a more holistic manner.

Even though prior work in this area has explored di erent af-
fordances (e.g, colored lines, di erentiated input and ouput) to cog-
nitively help users connect components in the right order, related
studies also report instances of participants creating malfunction-
ing circuits by arranging modules in non-standard waya2 23.
Designing a ordances of module functionality (i.e., what they are
intended to do) and controls (i.e., how to use them) to be perceivable
is still an active research area, especially for people with IDs who
have cognitive impairments.

A key aspect of our work is in trying to support a diverse set
of cognitive and physical assistance requirements. In Gotfrid et
al's modi ed Lilypad toolkit, they provided conductive paint and
crocodile clips to electrically connect conductive thread as alterna-
tives to sewing [Lg. They found that while one participant could
stitch components into a fabric with some challenges, the other
participant relied on researchers' hands for sewing and applying
pressure on other alternative connectors. These ndings imply the
importance of minimizing the physical e orts required in stabilizing
and applying pressure for those who face challenges to make en-
gagements with the toolkits more accessible. Ellis et al. also report
di erent levels of assistance required during the remote workshops
that involved circuit making using conductive tape, highlighting
that the assistance needs to be provided without taking the control
away from the participants17. Hence, supporting multiple ways
of accomplishing the same electronic goals through a variety of
connectors and components was considered important.

3.3 Custom Toolkits for People with
Intellectual Disabilities

There have been several custom computational toolkits that have fo-
cused on speci ¢ activities, including audio-enhanced weavigj [
learning basic computing concepts through musical physical blocks
for visually impaired participants4], and controlling audio play-
back as a form of therapy for people with cognitive disabilit2(.
However, there are few custom-made toolkits designed and imple-
mented exclusively for those with IDs and electronic-based making.
Magic Cubes, developed by Lechelt et al., consists of square
printed circuit boards (PCB) that can be assembled to form a cube.
Once assembled, these cubes can be utilized to explore sensor-
actuator e ects through guided discovery3f. The toolkit was
evaluated in a special-needs classroom with students primarily
diagnosed with autism spectrum disorder (ASD). Although the
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focus was to study collaborative learning in a mixed setting rather
than toolkit design, the authors did warn against using o -the-shelf
equipment without considering a ordances that enable embodied
debugging and collaboration (especially in group settings) [36].

Perhaps the work closest to our work is TapeBlocig]; which
was custom designed as a maker toolkit for people with IDs. It
consists of conventional electronics embedded in large foam blocks
with conductive tape connections. The connection areas are large,
and blocks just need to be held together to form complete circuits.
The use of bi-directional electronic components, such as bicolor
LEDs, avoided imposing directionality of connections and mini-
mized failures 7. TapeBlocks focused on lowering the threshold
for engagement and was successful in helping participants build
simple, meaningful electronic artifacts. However, during the evalu-
ation, the authors found that makers, coaches, and people living
with IDs were interested in how to progress from TapeBlocks to
more advanced making activities.

Our work focuses on this next step in the research pathway
through a custom PCB toolkit that expands the range of circuit-
building activities that people with intellectual disabilities can take
part in. Much like the designs showcased in this section, building
custom hardware modules can better integrate the design choices
from the literature as well as new ideas generated through practice

in a cohesive package. Moreover, developing custom PCBs can be

achieved at low cost and e ort due to the open-source electronics
and the Maker movement.

4 PRELIMINARY WORKSHOPS

Our work is also informed by our relationship and practice with
local community disability support organizations. We have been
regularly working with these organizations to better support tech-
nology initiatives for several hundred people living with IDs. Over
the past ve years, we have conducted multiple maker workshops
to introduce physical computation and tangible electronics to peo-
ple with intellectual disabilities using a range of electronic toolkits,
materials, and equipment. Table 1 summarises these preliminary
workshops in chronological order.

4.1 Participants and Facilitators

Participants of these workshops were adults aged over 18 years
who had an intellectual disability and required low to high support
for daily living. High support participants often had motor issues.
Each workshop represented a balanced spread of gender. Overal
148 adults with IDs participated in 6 workshops listed in Table 1.

Coaches of the workshops were researchers (including volun-
teers from our university) and support workers from various dis-
ability support organizations. They provided both physical and
cognitive support for participants to complete the activities. The
number of participants assigned per coach varied from 1 to 8 de-
pending on the level of support that they required.

4.2 Workshop Sites and Duration

Workshops were typically conducted onsite, either at the facilities of
the disability support organizations or at the university's multiple

campuses. The workshops that had a majority of moderate to high
support participants as opposed to low support participants were
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typically longer in duration. Overall, the workshops were 45 - 90
minutes in length, and we aimed to keep them shorter as it was
di cult to maintain participants' engagement and concentration
levels for longer durations.

4.3 Workshop Activities

Types of activities that we used within workshops varied, and some
workshops (e.g., 3rd to 5th workshops listed in Table 1) facilitated
multiple activities to meet participants' interests. Activities included
making threaded or wired circuits in felt (Figure 2a,d), modeled
circuits within polymorph (thermoplastic) or clay (Figure 2b,d) and
taped circuits on foam blocks (Figure 2c,e). Participants were also
provided with craft items to decorate their circuits during all the
activities.

Some activities were modi ed versions of activities from previ-
ous workshops that aimed to better adapt to participants' skills. For
example, during the rst workshop listed in Table 1, we noticed
that only a very few low-support participants could complete tra-
ditional needle and conductive thread-based e-textile circuits. We
identi ed (a) limited support with component comprehension and
arrangement with respect to the individual modules (b) small-sized
modules and connecting holes  mm diameter), and (c) skills
required in determining thread lengths as major issues with this
activity. In later workshops, we modi ed this activity to eliminate
needles, include sti er connectors, and reduce planning e orts. In
this version, participants threaded in and out long wires of an LED
(using their hands) through laser-cut holes in a piece of felt (see
Figure 2a), and the circuit was completed by sticking conductive
tape to the ends of the wires to connect a 3V coin battery, where
this connection was stabilized with a peg. This additional in-built
support improved the engagement but compromised the exibility
of the circuit structure as well as limited the opportunity to practice
planning and ne-motor skills.

4.4 Design Choices Based on Re ections

During the workshops, our participants created several circuits with

support sta , added decorations on top of built circuits (see Figure

2d,e) and enjoyed their makings. However, our re ectiorisij4§

on these workshops point to several reoccurring accessibility issues
' in the toolkits that we used, sometimes with relation to the issues
reported in related works. These issues informed many of the design
choices implemented in the TronicBoards toolkit.

During the initial workshops, many participants experienced
motor issues in manipulating small sensors and actuators (e.g., 5mm
LEDs). Consequently, in subsequent workshops, we integrated small
electronics components into foam blocks. The dimensions of the
foam blocks were approximately 7 cm x 3.5 cm x 3.5 cm. Although
they were easy to manipulate, they could not be easily integrated
into participants' crafts or personal items, especially due to their
height and volume. This indicated a need forodules that are large
and compact enough for integratidrherefore, we decided to use
standard PCBs with a slightly small area than foam blocks (6.5 cm
x 3 cm) with integrated electronic components (that add up to
1.5 cm height) for the TronicBoards toolkit.

Participants also experienced di culties in manipulating and
recognizing tiny controls and connection points (e.g., slide switch in
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Table 1: Summary of Previous Workshops

# of Support # Coaches: Duration Activities and Materials

Participants Levef Participants (minutes)

24 Low 15 45 Making circuits on felt using Lilipad components, conductive thread and laser cut
holes

25 Low 1:6 45 Molding creations using oven bake clay and lighting them up using standard LEDs

16 Moderate 1:4 90 Making circuits on laser-cut felt using long-wire LEDs and conductive tape,

' Molding creations using polymorph and lighting them with long-wire LEDSs,

35 Low 1.5 45 Pushing together pre-made actuator, sensor and power blocks to make connections,
Making circuits on foam blocks using o -the-shelf electronic items and conductive
tape,

40 Low 1:8 45 Decorating the textile and block circuits using o -the-shelf crafting materials

8 High 11 60 Pushing together pre-made actuator, sensor and power blocks to make connections

1 As described by support workers and alig

Figure 2: Circuit making activities with (a) wires threaded through felt,
workshops and their outcomes: (d) decorated textile circuits, butter

the Lilypad battery holder and their 2 mm diameter holes). Hence,
custom-made knobs for switches, o -the-shelbntrols with larger
knobs and large connection pads and holes were design aspects we
integrated into the TronicBoards toolkit.

Our participants also displayed confusion about component or-
der (e.g., connecting a switch in parallel to an LED but not in series).
This issue pointed to the need for additional cues suckcakr-
coding Based on a suggestion from a disability support worker,
we decided to use the tra c light metaphor in the TronicBoards
toolkit. We also decided to use uniquely shaped board corners as
an alternative tactile cue to color-coding.

During the workshops, participants demonstrated issues in rec-
ognizing the various electronics items and modules, limiting agency
in terms of what they could try. We often had to demonstrate com-
ponents in action (which could have disturbed participants' aha
moments) or use pictures on instructions sheets. To overcome this
issue, we printed icons and symbols related to functionality on the
individual boards in our new toolkit.

Many participants also could not recognize the polarity of elec-
tronic components (e.g., they connected negative terminals of LEDs
to the positive terminal of batteries). One issue was that the +/-
marks used in some of the components (e.g., Lilypad LEDs) were
not very visible. Participants may also not have understood the
meaning of these signs. Hence, we decided to inclodétiple clear
indicators to ease the comprehension of the polrifyonicBoards
modules by using larger +/- signs closer to the module edges and
shaping the module edges to have concave and convex shapes
thereby re ecting the direction of positive current. To reduce the
failures that might arise from this cognitive challenge, we also re-
placed standard LEDs with bi-color LEDs in subsequent workshops.
Similarly, we decided to use bi-directional components where pos-
sible in the TronicBoards toolkit as am-built support to reduce
failures

Our participants also demonstrated varied abilities in the use of
physical connectors. Some of the issues included applying pressure
on the pegs used for holding batteries and wires, taping circuit

ned with the de nitions provided in [43]

(b) polymorph molds and (c) taped blocks at preliminary
y molds and (e) train characters with LEDs.

components to foam blocks, and passing needles through tiny holes
in the Lilypad components. However, these activities were also
seen as opportunities for practicing ne motor coordination skills.
Furthermore, we discovered that a single connector type did not
universallyfacilitate the integration of circuits into di erent form
factors Hence, we decided to supporariety and exibility in con-
nectionsn the TronicBoards toolkit to better accommodate the
range of needs of participants with IDs. Given that our workshops
lacked easy-to-plug wire connector types, we planned to include
crocodile clips and banana plugs, in addition to conductive thread
and tape used in the workshops.

The preliminary workshops also informed the electronic compo-
nent selection for the TronicBoards toolkit. In one of our workshops,
we replaced LEDs with vibrotactile motors to accommodate the
needs of a vision-impaired participant and expanded the color range
of the LEDs to suit participants' interests. However, we could not
accommodate all requests due to the limitation of the kits we used.
For example, some patrticipants requested music or melodies, which
was harder to nd as pre-built modules. Based on these experiences,
we decided to supponariety and exibility in modulesn the Tron-
icBoards toolkit, including a module that plays di erent melodies
and LEDs with customizable color.

In our workshops, participants wanted to control sensor behavior
to achieve particular outcomes using conditional logic. For exam-
ple, one participant who wanted to activate an LED in low light
conditions had di culty in doing so with just a LED, battery and
Jight-dependent resistor. Consequently, we decided to embed condi-
tional if-else logic as part of the sensor modules in the TronicBoards
toolkit. To help facilitators modify sensor thresholds without virtual
programming, we decided to include on-board tangible controls
(e.g., potentiometers).

Based on prior literature and the design elements we identi ed
in our workshops, creating a new toolkit was the necessary next
step rather than modifying an existing toolkit.
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