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a b s t r a c t

Making and the "maker movement" have been growing in popularity as a progressive educational
approach. However, researchers have leveled critiques of making as being exclusionary toward people
with disabilities. In this paper, we present results from the iterative design, implementation and
evaluation of Inclusive Making, an undergraduate and graduate level course on accessibility in making.
Students in the course went through a ten-week process, culminating in the design of accessibility
solutions to include communities with disabilities in making. Using qualitative methods, we chronicle
students’ design products, processes and learning in relation to the course iterations. Results show
that when students worked with external stakeholders, their designs and learning improved. Moreover,
designing for neurodiverse children required students to grapple with existing literature about making
in education. We discuss insights from our work regarding the need for more accessibility research
in making, and the potential of university students to promote accessible making by engaging with
external stakeholders.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Making activities, practices of DIY (Do-It-Yourself) with elec-
ronics, craft materials, and digital fabrication tools have grown
n popularity over the last decade into a ‘‘maker movement’’
Halverson & Sheridan, 2014). These activities and the envi-
onments where they often take place (e.g. makerspaces) offer
any educational promises for students in schools (Lynn, An-
ello, Saenz, & Quek, 2017) and informal learning environments
Gutwill, Hido, & Sindorf, 2015; Halverson & Sheridan, 2014).
dvocates of making argue that it provides an opportunity for
nyone to innovate (Dougherty, 2013; Hatch, 2014), that children
an develop positive problem solving mindsets (Martin, 2015),
nd that abstract STEM concepts and skills can be taught through
he hands-on learning of making (Blikstein, 2013). Moreover,
ccess to manufacturing technologies supports personal-scale
abrication, a potentially empowering affordance for people with
isabilities to design their own assistive technologies (Hurst &
obias, 2011; Meissner et al., 2017).
Nevertheless, these optimistic views are qualified with grow-

ng critiques of the ways in which the maker movement is not
nclusive to non-dominant communities such as women, people
f color, and people with disabilities (Seo, 2019; Siu, Miele, &
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Follmer, 2018; Vossoughi, Hooper, & Escudé, 2016). Therefore, a
central goal of maker education research is to help solve these
inequities and make it accessible to children of all backgrounds.
Researchers have begun to address this inequity in several ways;
through the design of maker activities for people with disabilities,
the design of more accessible tools, and by suggesting guide-
lines for spaces to allow more equitable making (Alper, 2013;
Alper, Hourcade & Gilutz, 2012; Seo, 2019). Building on this prior
work, we argue that educating designers (and future designers) of
technology is an important complimentary route to support the
broadening of access to making by communities with disabilities.
Specifically, we posit that universities should use their financial,
logistical, and human resources to advance accessibility through
collegiate courses. Universities equipped with makerspaces or
fabrication labs (Van Holm, 2012) where students learn techno-
logical skills can orient some of their work toward the inclusion
of communities in maker practices. Moreover, students gradu-
ating from technological degrees (e.g. computer science) should
develop the disposition and skills needed to design technology
and making tools that address accessibility (Shinohara, Bennett,
& Wobbrock, 2016).

In this paper, we report on a design-based research (Reeves,
Herrington, & Oliver, 2005) project on a curriculum that en-
gages undergraduate and graduate students in designing acces-
sibility solutions for making with local communities. We begin
by describing the curriculum, its guiding theory, and in-class
and out-of-class activities. We include a description of design
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hanges made between the three course implementations. Then,
e use bidirectional artifact analysis to chronicle students design
nd learning processes. Specifically, we explore design consider-
tions that emerged as students worked with stakeholders that
erve children and adults with disabilities. This paper makes the
ollowing contributions:

• We share a curriculum for teaching university students
about accessible making.

• We demonstrate how university students learn to design
accessible solutions for making.

• We provide design guidelines for teaching university stu-
dents accessibility in making based on our iterative design.

he paper is organized as follows. The second section presents
elated work on making, critiques about its inequities, studies on
aking for people with disabilities, and university level courses
n accessibility design. The third section outlines the course
esign, its underlying model, and concrete activities. The fourth
ection describes our methods, participants in the three imple-
entations, the data we draw on, and our data analysis. The

ifth section presents results with a focus on a subset of student
rojects, which demonstrate student learning and design pro-
esses through the course iterations. We close with a discussion
f how findings from our course implementations may inform the
esearch and practice of communities who seek to promote and
reate a more inclusive making.

. Related work

.1. The promises of making for education

Educators and researchers are increasingly looking at mak-
ng as an approach to engage children with creative expression
nd STEM learning (FabLearn Labs, 2016; Papavlasopoulou, Gi-
nnakos, & Jaccheri, 2017; Vossoughi & Bevan, 2014). Here we
escribe what making is, and what its benefits are for educa-
ion and society. Martin defines making as ‘‘a class of activities
ocused on designing, building, modifying, and/or repurposing
aterial objects, for playful or useful ends, oriented toward mak-

ng a product of some sort that can be used, interacted with, or
emonstrated’’ (Martin, 2015). This hands-on and generative pro-
ess echoes Constructionism, emphasizing the role of constructing
shareable objects to think with and the power of big ideas (Harel
& Papert, 1991; Papert, 1980, 2000). Making activities can pro-
mote meaningful student learning in areas such as digital literacy
(Bekker, Bakker, Douma, Van Der Poel, & Scheltenaar, 2015),
programming (Papavlasopoulou et al., 2017), and science (Bevan
& Bevan, 2017; FabLearn Labs, 2016). Moreover, it may promote a
‘‘maker mindset’’, a positive disposition toward problem solving
(Lynn, Quek, Bhangaonkar, & Boettcher, 2015; Martin, 2015).

Alongside the educational perspective, advocates of making
argue that its technologies, practices, and communities promote
the democratization of technology. That is, putting means of
production and innovation in the hands of the many rather than
a select few experts or financially privileged groups (Halverson
& Sheridan, 2014). This creativity and innovativeness is cele-
brated in venues and publications such as ‘‘Make’’ magazine and
Maker Faires, two leading sites of the maker movement (Martin,
2015). As we tease out in the next section, certain inequities
in the maker movement limit the reach of both the educational
promises and the democratizing power of making.
2

2.2. Critiques of inequity in the maker movement

While the argument is that the democratization offered by
the maker movement can allow ‘‘anyone’’ to make (Hatch, 2014),
voices among scholars of making have called attention to in-
equities in regards to who actually is included and recognized
in making. Leah Buechley studied the covers of ‘‘Make’’ magazine
and found that 85% of the people featured were men or boys, and
none were people of color (Buechley, 2016). Vossoughi, Hooper,
and Escudé (Vossoughi et al., 2016) elaborate on the material
effects of the discourse on what counts as making and who counts
as a maker. They argue that narrow definitions of making and
makers represent mostly affluent white males. This representa-
tion privileges them in terms of public policy and funding as
making generates excitement from public and private stakehold-
ers. Alongside racial and gender lines, making is critiqued as
exclusionary toward people with disabilities (Alper, 2013; Hurst
& Kane, 2013; Seo, 2019).

The exclusion of people with disabilities from making is a
significant oversight. As documented by researchers in HCI, the
tools and practices of making could empower people to create or
modify their assistive technologies (Hurst & Tobias, 2011). Such
personal modifications may engender higher adoption rates of as-
sistive devices that are otherwise expensive and often abandoned
by users. Maker resources could also provide educational benefits
to children with disabilities; for example, one can use 3D print-
ing to visualize information and to create in-house assistive de-
signs for students (Buehler, Comrie, Hofmann, McDonald, & Hurst,
2016). Thus, students with visual impairments can learn from
3D printed tactile maps, which would otherwise be expensive
to order (Giraud, Brock, Macé, & Jouffrais, 2017). Neurodiverse
children too can benefit from maker activities and produce mean-
ingful and personal artifacts (Spiel, Makhaeva, & Frauenberger,
2016). Taken together, it is evident that the tools and practices
of making, when made accessible, can have positive implications
for people with disabilities.

2.3. Accessibility in making

For making to be inclusive, the spaces (Alper, 2013; Bennett,
Stangl, Siu, & Miele, 2019; Peppler, Halverson, & Kafai, 2016)
and tools (Seo, 2019) through which making takes place must be
made more accessible. A growing body of work in disciplines such
as HCI and learning sciences explores ways to create accessible
maker tools, activities, and environments for a variety of com-
munities. Researchers have developed E-Textile workshops for
people with visual impairments (Giles, Keynes, Keynes, Petre, &
Keynes, 2018) and people with intellectual disabilities (Gotfrid &
Shinohara, 2018). Others have designed maker tools and toolkits
that address hearing or vision impairments (Hurst, 2011; Hurst &
Kane, 2013). Alper, Hourcade and Gilutz (2012) extended popular
guidelines for designing construction kits for children (Shino-
hara, Bennett, Wobbrock, & Pratt, 2017) to address the needs of
makers with diverse abilities. Alper (2013) also calls for mixed
ability makerspaces where youth with and without disabilities
can engage in making in an equitable way.

Taken together, we see that through design work, spaces,
and tools (both software and hardware) can be more accessible
to people with diverse abilities. Nevertheless, to do so on a
larger scale requires two efforts. First, technology manufactur-
ers need to make accessibility a central consideration in their
design process. Secondly, advocates of making should introduce
maker activities into their local communities and support peo-
ple with disabilities while drawing on human and financial re-
sources. We argue that universities that have the resources —
students, makerspaces, and funds, can and should take part in
these efforts. They can train accessibility-oriented students while
engaging them in community outreach around accessible making.
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.4. Collegiate design courses for accessible computing

In this paper, we share the design and findings from a uni-
ersity level course called Inclusive Making. We argue that such
ourses can make university students into agents of change in
heir nearby communities (Putnam, Dahman, Rose, Cheng, &
radford, 2016; Shinohara et al., 2016). Furthermore, we argue
hat these experiences can help the field reimagine inclusive
aking activities and makerspaces. Our work echoes a current

mpetus to place accessibility as a central theme in CS education.
tudies show that design courses that focus on accessibility
ead students to develop an understanding of the importance of
ccessibility (Shinohara et al., 2017). Students also realize that
ccessibility should be every designer’s responsibility and not
olely the responsibility of people with disabilities or dedicated
pecialists (Ludi & Ludi, 2007; Shinohara et al., 2016). An im-
ortant aspect of successful courses on accessibility is engaging
tudents with external stakeholders with disabilities. Taking this
pproach can mitigate students’ biases and misconceptions about
isabilities (Ludi & Ludi, 2007; Shinohara et al., 2016). The course
hat we describe in this paper has many of these goals, but in the
ontext of critically examining making.
Looking at this related work together, we see the following

ogical argument. Making offers a range of promises in terms
f educational and material benefits. While making is gaining
n popularity around the world, continuous attention should be
aid to issues of equity. Within this effort, we focus on work to
nclude communities and children with disabilities in making. We
ropose a solution in the form of a university level course. We
round this solution in ongoing work aimed at educating future
esigners of technology to design accessible technologies who
ill create an impact on society.
We position this curriculum as a contribution to the field

f making in education. In particular, the course is a model
or teaching accessibility in making to university students and
ermeated into the broader community. In prior work (Worsley,
ar-el, & Worsley, 2020) we reported on student’s motivation
nd dispositions in the context of the course. In line with this
pecial issue, we center the remainder of this paper on how
tudents designed for accessibility while taking part in the course,
nd what lessons we can learn from their designs regarding
ccessibility of making for children with disabilities. Specifically,
e ask the following research questions:
RQ1: How do students’ designs and understanding of accessibility

solutions for making evolve through a university level course?
RQ2: How does working with external stakeholders affect stu-

ents’ designs and understanding of accessible making solutions?

. The current course — Inclusive making

In this paper, we report on our iterative design and imple-
entation of Inclusive Making, a collegiate course on accessibility

n making. We take a design-based research approach (Barab,
quire, Barab, & Squire, 2009; Reeves et al., 2005), which in-
ludes stating our design decisions, describing our iterations, and
valuating our findings. In the following sections, we describe
he curriculum design. We begin by presenting the three bodies
f literature that served as the theoretical foundation of the
urriculum. We then move to a concrete description of the course
ctivities and articulate changes made between the first and
econd iterations.
 (

3

3.1. Theoretical underpinnings

In addition to the aforementioned background literature, we
grounded the design of the course in principles taken from
three primary bodies of literature: making, User-Centered Design
(UCD), and Critical Disabilities Studies. We covered making in the
above related work section. UCD is a family of design approaches
that centers on user feedback (Gould & Lewis, 1985). Following
UCD designers use a variety of techniques to learn from users
throughout their design process; in identifying the problems,
coming up with solutions, and testing prototypes (Rubin & Chis-
nell, 2008). In Inclusive Making we emphasized ability-based
design (ABD) (Wobbrock, Kane, Gajos, Harada, & Froehlich, 2011),
an extension of UCD which asks designers to focus on the user’s
abilities rather than their ‘‘dis-ability’’. This emphasis is valuable
for two reasons. First, it stresses the need to interact with people
with disabilities over relying on stereotypes or assumptions about
what someone can or cannot do. Second, ABD calls attention to
the variation in ability between and within every potential user
of technology based on different contexts (Wobbrock et al., 2011).
Therefore, we used ABD to inform students’ engagement with
users, to mitigate stereotypical assumptions1 and to show the
generalizable value of focusing on diversity in ability.

We also drew on Critical Disability studies as a guiding lens.
Critical Disability studies represent scholarship and political ac-
tion that challenge the perspective and policies stemming from
the medical model of disability. The medical model defines people
with disabilities as having an internal problem and the treatment
as a way to allow said people to be ‘‘normal’’. Counter to this
view, the social model of disability focuses on the personhood
of the individual rather than their impairments (Worsley et al.,
2020). The social model does not deny the existence of physical
impairments; rather it focuses on the experience of disability
being the result of an interaction between the physical reality
and other socially determined factors such as material designs
and social or political powers (Oliver, 2013).

To summarize the theoretical underpinnings of Inclusive Mak-
ing, we designed the course with a lens of Critical Disability
studies in order to help students unpack the various socially
constructed hurdles that may exclude people from participat-
ing in making. Such unpacking includes an understanding that
makerspaces and tools are not neutral, rather they are built
on assumptions that may not fit the abilities or motivations
of all users (Chu, Saenz, & Quek, 2016; Martin et al., 2018;
Seo, 2019). Additionally, students learned and used UCD to de-
sign accessible making experiences for people with disabilities
that problematized many implicit assumptions about making and
makers.

3.2. Iterative course design

In line with a Design-Based Research (DBR) agenda (Barab
et al., 2009), we chose to draw on conjecture (Sandoval, 2014)
maps as a tool to capture our iterative design process, the con-
nection between the course’s theoretical underpinning, design
elements, and our intended outcomes. Conjecture maps serve as
a representational device for documenting and communicating
design research on the development of educational interventions.
We share two conjecture maps to explain changes made be-
tween the course iterations and frame our results in terms of the
intervention outcomes.

1 We guided students to focus on people’s abilities rather than their dis-
bilities, as a way to avoid relying on assumptions or stereotypes. However,
e recognize that some people feel that their disabilities are central to their

dentities. Several disabled authors regard this erasure as ‘‘Epistemic Violence’’
Good & Bennett, 2020).
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Fig. 1. A conjecture map for the first iteration of Inclusive Making.
Inclusive Making is a combined undergraduate and graduate
lass that is cross-listed in the Schools of Engineering and Edu-
ation. The class met once a week for three hours and included
mixture of lectures, in-class, hands-on design challenges, and
roup discussions. Besides these in-class activities, students took
art in out-of-class activities and went through design processes.
n the following section, we elaborate on what these activities
ooked like, what their goals were, and what changes we made
etween iterations.

.2.1. First iteration
Fig. 1 illustrates the conjecture map we created as part of

he design of the first iteration of Inclusive Making. Our high-
evel goals for the course were for undergraduate and graduate
tudents to engage in hands-on learning of maker tools, read
nd apply ideas from the aforementioned three bodies of liter-
ture, and undergo a UCD process toward creating accessibility
olutions for making. As presented in the intervention outcomes,
e hypothesized that through this ten-week course; students
ould critically analyze making, design accessibility solutions,
nd become more inclined to incorporate accessibility as part of
heir future work.

Within this conjecture map, there are three key features: (A)
he tools, readings, and activities that form the embodiment of
he curriculum; (B) the processes that mediate and evidence
ow students engage with the tools, readings, and activities to
onstruct new skills and understanding; and (C) the intended
utcomes of the embodiment and mediating processes. In the
ollowing paragraphs, we describe the class activities, out of
lass activities, and group projects we designed for students to
omplete as part of the course.

n-class activities
We designed in-class activities to give students the oppor-
unity to collaborate with their peers, participate in hands-on

4

projects, apply design techniques, and discuss the guiding litera-
ture. The majority of the hands-on, in-class activities use house-
hold arts and crafts supplies such as Popsicle sticks, felt, paper
plates, pipe cleaners, and hot glue. Others introduce students to
the basics of using digital fabrication tools such as laser cutters
and 3D printers. Additionally, students experiment with multi-
modal tools such as tactile, speech and gesture based inter-
faces. Two of the in-class activities aim to help students think
about the assumptions and biases of maker tools in relation
to users with different abilities, specifically makers with visual
impairments. For example, we adopted an activity developed
by a blind doctoral student who explores the design of acces-
sible programmable maker kits. In this activity, some students
wore a blindfold while trying to learn how to program a robotic
toy. Blindfolded students tried to follow a set of instructions
and program a sequence of actions for the robot to complete,
such as lighting different LED lights. In the meantime, the non-
blindfolded students were guided to use some accessibility best
practices like verbally describing objects and guiding someone’s
hand through a new tactile experience. These two activities gave
students a chance to question the assumptions that designers
build into many maker kits such as catering to vision rather than
multiple modalities. While conducting this empathy technique,
we were cautious to not suggest that wearing a blindfold ac-
curately represents living with a visual impairment (Silverman,
2015). Instead, we framed these activities as a primer for students
to pay attention to the ways in which the designs of maker tools
matters in relation to sensory abilities.

Out-of-class activities
In line with a UCD approach, students also sought out commu-

nities and potential users in relation to making. These out-of-class
activities afforded students opportunities to develop an under-
standing of how makerspaces addressed or failed to address
access and to develop empathy with people with disabilities in

relation to making. In the first iteration, these activities were
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isiting two or more makerspaces and having a discussion with
person who identified as having a disability. The makerspace
isits served as opportunities for students to see what mak-
rspaces look like outside of course readings and of a fabrication
pace on campus. Moreover, by comparing different makerspaces
nd talking to staff, students could see first-hand the needs for
ccessibility, and if and how spaces were addressing these needs.
he dialog with a community member served as a chance to
itigate students’ biases regarding disability by learning from a

ived experience.

roup projects
Over the course of Inclusive Making, students are required

o work in groups of two to four and submit three design as-
ignments. In the first iteration of this course, these assignments
ere distinct design prompts; all aimed at designing accessibility
olutions for people who are either blind or have low vision. The
irst, ‘‘Navigating a makerspace through the senses’’ was an encour-
gement to think about how a person with visual impairments
ight arrive and be introduced to making. The second, ‘‘Beyond
ision’’ encouraged students to come up with an interface or a
et of activities that would allow someone with visual impair-
ents to create or learn something new inside a makerspace.
he third, ‘‘Upgrade’’ asked students to take the first, second, or a
ombination of the two projects, and develop a final design.

.2.2. Second iteration
After the design and implementation of the first iteration, we

eflected on student projects, impromptu changes we had made
hat deviated from the initial conjecture map, and our observa-
ional notes from lectures and group discussions. Following the
terative approach of DBR, we made three key changes to the
ourse. Fig. 2 illustrates this second design of Inclusive Making.
he first change was the addition of a recurring in-class activity of
oncept mapping the course readings. From observations of first
ear reading discussions and students’ assignments, we found
hat students struggled to make connections between the three
odies of the underlying literature. We understood this as a need
or deliberate scaffolding (Chang, Sung, & Chen, 2001) given that
or many students, the course was the first time learning about
aking, UCD, and Critical Disability studies. Therefore, in the
econd iteration, we dedicated 15–30 min per week to build-
ng concept maps through classroom discussions using a shared
oogle slides presentation. This recurring activity helped scaffold
he discussion and synthesis of the three bodies of literature. We
ntended for students to use this synthesis and representation to
econstruct making in terms of its promises for education and
ociety and the critiques of inequities in making. We hoped that
uch a synthesis would help students identify how their work
ould tackle issues of access in making.
The second change was an additional out-of-class activity of

olunteering at an organization that provides accessibility-related
ervices. This volunteer activity, placed at the start of the course,
as an attempt to push students to develop relationships with

ocal organizations. We added this activity for two reasons. First,
e found that students in the first iteration took a long time
o find and contact organizations or users if they wanted to.
econd, prior university courses on accessibility design show that
hrough work with external stakeholders, students’ awareness of
ccessibility increases, and their designs improve (Ludi & Ludi,
007; Shinohara et al., 2017). We drew on our existing work
ith local organizations and on researchers in our university’s
etworks to generate a list of potential partnering organizations.
tudents received this list before the first class session, but were
lso encouraged to reach out and work with other organizations

s they saw fit. Students wrote a short reflection paper after their

5

visit, which in many cases, helped motivate ideas for their final
projects.

The third change was the addition of a second design track
that students could choose to take instead of the original three
prompts. This track allowed flexibility for groups who chose
to work with an organization that did not serve patrons who
are blind or with low vision. Moreover, in this track, the three
design assignments took students through rounds of prototyping,
testing, and iterating toward a specific design solution.

4. Methods

We asked what students would design for accessibility in
making. Moreover, we asked how these designs differed through
course iterations. To answer this research question, we analyzed
students’ artifacts as well as their design processes. We start by
providing an overview of the students who took the course and
then describe the data we collected and our analytic approach.

4.1. Participants

The implementations of Inclusive Making saw a combined en-
rollment of 84 students. Computer science undergraduates made
up more than 50 percent of enrolled students within each of the
three course offerings. In addition to computer science under-
graduates, nearly one third of the participants were doctoral stu-
dents. Some of the doctoral students were from interdisciplinary
fields that included computer science and another discipline,
while several were from the School of Education.

4.2. Data collection and analytical approach

To answer the research questions, we focused on students’
design process in relation to the three course iterations. We used
bidirectional artifact analysis framework (Magnifico & Cham-
paign, 2007), an analytical approach for examining learning
through design processes with digital means. In this analysis, the
researcher traces backwards from an artifact to the origin of its
design, as well as following the initial idea all the way to its final
form. By viewing the design process in these two directions, one
can understand how learners arrived at a given product, as well as
how the intervention (i.e. the particular course iteration) affected
the design process (Halverson & Magnifico, 2013).

We followed the three steps of bidirectional artifact analysis,
Identify, Document, and Construct (Halverson & Magnifico, 2013)
We started by identifying student teams’ final artifacts. These in-
cluded images of the design itself, as well as final written assign-
ments where students situated their design process within liter-
ature from the course readings. We then documented available
data relating to the artifacts’ design process. These data included
students written design assignments, reflections on work with
stakeholders, and communications with the course instructors.
Finally, we constructed narratives that capture the development
of the designed solutions for accessibility in making; first going
backwards looking at how later designs referenced and built on
earlier steps, and then looking at how the earlier steps affected
subsequent design decisions.

5. Results

To answer our research questions, we examined students’ de-
signed solutions for accessible making in relation to the course’s
iterative design. Throughout the course implementations, student
teams designed twenty-seven projects. In the first implemen-
tation, students generated nine final projects, none of which
involved collaborating with external organizations. In the sec-

ond and third implementations, students completed eighteen
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Fig. 2. A revised conjecture map for the second iteration of Inclusive Making.
rojects, seventeen of which were in collaboration with exter-
al organizations. These numbers reflect the finding that most
tudents who engaged with external stakeholders early in the
ourse, decided to pursue a quarter long design cycle with these
ommunities. As we will describe in the following paragraphs,
his work with external stakeholders changed students’ design
rocesses qualitatively, and the ways they construed and posi-
ioned making.

To demonstrate these differences in student design and learn-
ng based on the course iteration, we present a bidirectional
rtifact analysis of four projects. Tracing backward chronologi-
ally, we show how final products relate to early stages in the
ourse. These reflect differences in the courses design. Moving
orward in time along the design cycle, we show how students
earned about making, and design for accessibility in terms of
heir products and written texts. We begin with two projects
rom year one, and then move to two projects from years two
nd three respectively.

rojects from the first iteration

As stated above, in year one, students completed three design
ssignments toward accessible making. They were not required
o volunteer and collaborate with external stakeholders. During
he first iteration, students designed projects that were pre-
ominantly technological proofs of concept. These focused on
roviding multimodal tools or workflows, aimed at affording
6

people with sensory disabilities either to navigate a makerspace
or to operate a particular device found in maker contexts.

Project 1: 3D scanning for people with visual impairments
For their final product, (Fig. 3 left) students created an afford-

able setup and workflow for scanning objects for 3D printing.
The setup includes an XBOX Kinect V1 and SKANECT software
(Fig. 3 right). The intended use case is for the setup to be placed
in a makerspace for people with visual impairments. Users mold
an object using a variety of materials such as playdough and
clay. They then place the mold on a spinning apparatus such as
a chair and slowly rotate the object in front of the Kinect. The
students suggest using an on-screen narrator when the user uses
the computer.

Moving forwards through their iterations, we see that
throughout the three design provocations, the team was experi-
menting and working on the scanning workflow. They began by
borrowing a professional 3D scanner from the instructor’s lab
and experimenting with it. However, noting that this solution
might not be available to all, they opted to try a more affordable
solution, the XBOX Kinect V1. Their process then focused on
testing this system by creating objects with a variety of household
craft materials. For their final version, they focused on ways to
optimize the scanning procedure by creating different rigs for an
even rotation of the object in front of the Kinect, the best of which
was a chair with a string attached for a putting toward a constant
speed.

Looking at this project, we see two points that echoed
throughout the work of teams during year one of the course. First,
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Fig. 3. Scanned objects that students tested with the 3D scanner (left). Students testing a workflow prototype using the XBOX Kinect and a rotating chair (right).
he students focused on traditional making technologies, such
s 3D printing. They then proceeded to design an accessibility
olution for 3D computer-aided design based on assumptions
bout the difficulties of people with visual impairments. Second,
e see a focus on creating a technological proof of concept. This

s evident in the below description of their final product.
‘‘Through two earlier projects, the process of utilizing a 3D scan-

er and printer to recreate an object was researched as a possibility
or opening up Makerspaces to those with visual impairments. In this
inal project, the process is refined, and eventually curated into an
t least feasible methodology’’.
Juxtaposing the conjecture map with this group’s product, we

ee that the first and last mediating processes were central to
heir design. The team learned how to use 3D scanning tech-
ology while iteratively designing an accessibility solution. In
erms of critically examining making, the students argue that CAD
echnologies rely on the visual modality and attempt to address
his shortcoming. However, they do not seem to grapple with the
ccessibility of making beyond that. These themes can be seen in
nother project from year one.

roject 2: Accessible Carvey
Similar to the above project, this team wanted to make digital

abrication more accessible to people with visual impairments.
heir project sought to address both the design of a printable
odel and the use of a device to fabricate an object. The tech-
ology they focused on is the Carvey, a desktop, computerized
umerical cutter (CNC) that makes 3D cuts in a variety of ma-
erials. Their final product (Fig. 4) includes two parts. The first
art was using a sensational blackboard and an Equil Smartpen2
o allow users to sketch a design and get feedback about what
ould be transferred to the program. The sensational blackboard
reates a raised image of a sketch in response to pressure from
pen. The second part of the design is a tangible interface to

eplace the graphical user interface of the Inventables website. A
ockup of the website was made in Scratch (Resnick et al., 2009).
set of tangible areas that utilize the Makey Makey kit (Silver,
osenbaum, & Shaw, 0000) connected to aluminum foil buttons
rigger audible feedback. One area for example, allows the user to
eel what a piece carved at four different depths feels like. After
7

Fig. 4. The tangible interface for the Carvey milling machine.

choosing a target depth, the user clicks on the corresponding
button.

Moving through the project timeline, we notice that the team
started by interviewing a person with low vision. Through this
interview, they learned that good design to him meant being able
to independently use a piece of technology on the spot. From
this interview, they created a persona of a blind individual who
wanted to participate in making. Then they went to a makerspace
on campus and observed the process students underwent when
using the Carvey. This included sketching on paper, creating a dig-
ital file, uploading the image to the designated website, setting up
the Carvey with the right materials and executing the print. Based
on the persona that they came up with, they determined what
potential pain points might be in this process for an individual
with low vision.
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‘‘The major pain points of the current system are sketching/
rawing on paper and converting that into a electronic file, navigat-
ng the Inventables website as seen in Fig. 3, setting up Carvey with
he correct parts and materials, and knowing how to troubleshoot
arvey when an issue arises during the machining process.’’
When testing their prototypes, the team relied on blindfolded

eers. These tests led to changes such as ‘‘iterating on the location
hoice feature, and incorporating audio with every action.’’ What
s absent from this design process, is the feedback of actual users
ith visual impairments. While some of the pain points identified
y the team may be valid, it is also likely that people with visual
mpairments could have creative solutions already to address
hese difficulties (Bennett & Rosner, 2019).

Taking these two projects together, we see a design process
hat focuses on making digital fabrication more accessible by
reating tangible interfaces for systems that otherwise rely on
raphical user interfaces. From the teams’ written assignments,
e see that their learning centered on experimenting with the
echnologies themselves and noticing how the technologies are
ot designed with the visually impaired in mind. However, in
erms of designing for accessibility, the students did not ground
heir work in the lived experience of real users with disabilities.

rojects from the second iteration

Following the changes made to the course in the second imple-
entation of Inclusive Making, we saw a shift in student design
nd learning. In terms of the creative process, students worked
roactively with external stakeholders, grounding their designs
n stakeholder needs and conducting multiple rounds of ideating,
rototyping, and user testing. Moreover, we saw an attempt to
reate impactful and sustainable solutions that could remain in
se after the students left the site. In terms of student learn-
ng, teams seemed to grapple more explicitly with what making
s, how it was relevant to the particular problem stakeholders
anted to address, and with tensions between maker literature
nd designing for children with disabilities.

roject 3: Learning about Social Media
Working with a non-profit that provides life skills and em-

loyment training for neurodiverse youth, this team developed
3-part interactive activity for learning about sharing and safety

n social media. The first activity has students build a profile on
printable sheet. The goal of this was to teach students what is
nd is not acceptable information to place on a profile. The second
ctivity has students sitting in a circle, passing around a ball of
arn and sharing a news updates to simulate updating one’s social
edia feed. As part of this activity, example sentences provide
caffolding for formulating a post (Fig. 5 left), and blocks with
mojis scaffold student reactions to peer posts (Fig. 5 right).
While visiting the site, the team saw that the space included
room for arts and crafts and heard from the director that a

ignificant challenge they face is finding activities that elicit so-
ial communication and social skills. The team initially proposed
hree ideas to staff at the non-profit, which included creating a
usic box, a moveable 3D puzzle and the social media activity.
he staff wanted the team to pursue this last project ‘‘due to its
bility to convey the idea of an online social network, the interactive
ngagement of participants in communication and emotional expres-
ion, and easy replicability as well as flexibility for a wide range of
articipants’’.
Again, while this activity might not fall under the definition

f making for some, the team made sure to argue what aspects
f making influenced their activity design. First, the team wanted
he activity to be hands-on and provide physical scaffolds such
s the emoji blocks. Second, the team drew on maker literature
n designing the activity to be failure-positive (Martin, 2015).
8

Finally, the team recognized that the activity did not involve high
or low-tech kits and tools that are often found in makerspaces;
however, they state, ‘‘While utilizing technology was in the initial
design ideas, we realized an easily replicable activity had more
value’’.

Project 4: Uncreative Making
Another team from the second iteration created a final product

for a K-8 school that serves students with special needs, primarily
cognitive impairments. The design comprised of a toy truck that
runs up and down a wooden track (Fig. 6 left) and two controllers
that allow a student to drive the car to one end and wait for
another to reciprocate. The project aims to serve as an activity
for students with cognitive impairments to learn about cause and
effect within a social context. The final product developed from
ideas on a delivery system (Fig. 6 right) with which the school
students could practice turn taking and observe their and peer
actions at play.

Tracing back we see that the team made several choices based
on feedback from visits, observations at the school and conversa-
tions with school staff. This feedback informed the team about
students’ needs and gave them information that was relevant to
the stakeholders. The goal of the activity stemmed from a request
by a teacher during the initial visit ‘‘students need to learn and un-
derstand that their actions have direct consequences’’. The choice of
a delivery system and eventually a truck activity stems from the
observation that many of the students benefited from movement
and action-oriented activities in order to maintain engagement.
However, at the same time, the team disabled sounds in the truck
to avoid overstimulation.

While making these design decisions, the team noted that at
times that they had to grapple with their understanding of mak-
ing from the literature in relation to the stakeholder’s context.
In their mid-project report, they summarize takeaways from two
site visits stating that the designed tasks must be straightforward,
repetitive, and controlled. In their final assignment they write,
‘‘We began this project initially believing that our activity should
align with traditional maker practices, emphasizing creativity and
self-expression to encourage students to build toward a long-term,
more ‘‘meaningful’’ project’’. However, the teacher reported that
her students have not displayed motivation toward creative self-
expression and that during previous art activities, the facilitators
ended up doing all of the work. In their final assignment, the team
argue why their activity aligns with making as they understand
it. ‘‘We argue that activities like the Truck Track can be considered
making because the point is not to create a product, but to help
reach one’s full potential (while citing Halverson & Sheridan, 2014).
This is accomplished by making abstract ideas concrete through tasks
(citing Blikstein, 2013, such as the idea of one’s actions having
consequence’’.

We see in the team’s argumentation a grappling with the
meaning of making, its objectives, and how it may apply for
neurodiverse children. Specifically, we see the focus on one aspect
of making, rendering abstract ideas concrete through hands-on
learning. It is worth noting, that while this activity might not look
like a traditional maker activity, it does share some characteris-
tics with a common exhibit found in makerspaces and tinkering
studios, marble machines (Gutwill et al., 2015). Marble machines
too are static wooden contraptions that allows children to create
reaction chains much like a Rube Goldberg machine. Whereas this
particular activity does not result in a manufactured product, it is
a tinkering activity allowing children to interact collaboratively
with variables.
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Fig. 5. A tangible social media profile made of paper and Velcro strips (left). Emoji blocks for reflecting and communicating emotions (right).
Fig. 6. The final wooden track, with the toy truck and two remote controllers (left). An initial sketch of a reciprocal delivery exhibit (right).
. Discussion

In this paper, we presented results from the iterative de-
ign, implementation, and evaluation of an undergraduate and
raduate level course on accessibility in making. In this course,
eams of students spent ten-weeks designing accessibility solu-
ions to render making more accessible for adults and children
ith disabilities.
We reported on the design of the Inclusive Making course. We

utlined the theoretical underpinnings of the course as grounded
n making, User-Centered Design, and Critical Disability studies.
e then detailed the course activities and changes made between

he first and second iteration of the curriculum. The relation
etween course activities and the intended educational outcomes
ere represented using conjecture maps (Sandoval, 2014). With
hese educational objectives in mind, we conducted a bidirec-
ional artifact analysis (Halverson & Magnifico, 2013) to examine
tudents’ design processes and learning in relation to the course
terations.

Our first finding relates to the effect of external stakeholders

s part of the course’s second iteration. In the first iteration,

9

where students were not required to volunteer with organiza-
tions, teams did not work with external stakeholders throughout
their design processes. In the second iteration, students volun-
teered with organizations that serve patrons with disabilities.
A majority of these students chose the second design track of
working with external stakeholders throughout their 10-week
design process.

Students’ work with external stakeholders led to a number of
qualitative differences when compared to student work without
stakeholders. The implementation of the final products differed
between the two iterations. In the first year, students created
technological proofs of concept. These prototypes demonstrated
that one could interact with a particular maker device through
different modalities. In the two example cases, the teams de-
signed interfaces that used tangible and auditory modalities to
substitute the graphical user interface of digital fabrication tech-
nologies and make them accessible to people with visual im-
pairments. In contrast, teams that engaged with external stake-
holders, did not focus on proofs of concept, and instead created
prototypes that were implemented at stakeholder community
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ites to various degrees. In the two examples from years two
nd three, the teams left their activity materials at the sites, thus
llowing staff and youth to continue to conduct the intended
aker activities.
An additional difference between the projects is the processes

hat teams underwent when working with stakeholders or not.
hen working with organizations, students grounded their goals,

deas, and prototypes in stakeholder experiences. This manifested
n the choice of tools and activities. Students who worked without
takeholders tended to choose the makerspace as a whole or
particular maker device and to design a technological tool

hat could make its use more accessible. In contrast, teams that
orked with organizations started by visiting their site and iden-
ifying a goal or problem that maker activities could meet. This
ed in some cases, to the choice of nontraditional maker activities
r drawing on ideas from the maker movement in service of
takeholder goals. In terms of ideating, and prototyping, teams
hat did not work with stakeholders either created personas as
n the first example, or worked generally under assumptions
egarding potential users as in the second example. Teams that
orked with stakeholders, talked to staff and or patrons at the
ites as they defined the problems and came up with potential
olutions. To test the prototypes, teams that did not work with
takeholders conducted user tests with students who do not have
isabilities, such as blindfolded peers. In contrast, teams that
ngaged with stakeholders took their prototypes to test with
dults and children at community sites.
This finding relates to previous work on the positive effect of

ngaging student designers with external stakeholders for em-
athy, design thinking, and design outcomes (Ludi & Ludi, 2007;
hinohara et al., 2017). In our work, we found that engaging with
xternal stakeholders once, motivated a majority of students to
hoose to continue this engagement throughout their course. This
ngagement, improved students’ design processes and allowed
hem to consider factors such as learning goals, motivations and
edagogy rather just the physical design of maker tools. More-
ver, engaging with external stakeholders helped orient students
o the lived experiences of people with disabilities and their
ontext, including educators and caregivers. This echoes a recent
ritique of empathy techniques and a call for designers to shift
rom ‘‘being like’’ to’’ being with’’ (Bennett & Rosner, 2019).

Our second finding pertains to the design considerations that
tudents faced when designing maker activities for children with
ntellectual disabilities. These considerations reflect tensions that
tudents grappled with when negotiating between stakeholder
eeds and maker literature. In his seminal article, Blikstein (2013)
arned of the keychain syndrome2, a phenomenon that pervades
any informal educational spaces. Blikstein observed that when
iven access to digital fabrication tools (e.g. 3D printers) students
ay end up mass-producing trivial products such as keychains.
e argued that careful design of activities, facilitation strategies,
nd curricula should challenge students to steer away from repet-
tive trivial work and rather make their work more complex over
ime.

In the fourth example, the students ended up designing an
ctivity that was simple and repetitive. The teacher wanted her
tudents to have an activity about cause and effect that involved
ocial interaction. The undergraduate students had to navigate
esigning an experience that was developmentally suitable while
till drawing on making. They noted in their written assignments
hat while they began by wanting to introduce a traditional maker

2 The term ‘keychain syndrome’ includes a metaphorical medicalization that
ay serve to reify negative perceptions of disability. Our acknowledgment of

he underlying pedagogical concern that the term raises is not an endorsement
f the term itself.
10
activity that would focus on self-expression, through discussions
with the schoolteachers and observations, they chose to design
a repetitive and very constrained activity. On the one hand, this
design decision follows Blikstein’s call for deliberate structuring
of activities. On the other hand, it nuances the ‘‘pitfall’’ of triviality
and repetition when designing for children for whom repetitive
and simple tasks are valuable.

6.1. Implications

This work has a number of implications for research and
practice. The results show that the relatively scarce attention
to people with disabilities in the maker literature plays a role
when designers attempt to create accessible maker activities. This
is especially the case when designing for neurodiverse children.
Future research should shed light on neurodiverse makers, and
share their lived experiences, learning, and creations within the
maker movement. Such work would serve as both a representa-
tion of a more diverse population of makers, as well as inform
researchers and designers of maker tools and activities.

Student designs in this course, especially those who provided
stakeholders with the activities, demonstrate the potential of
university students to support the inclusion of children with dis-
abilities in making. We believe that universities and colleges that
have the appropriate logistical and human resources should en-
gage in promoting accessible making activities. This effort would
augment ongoing trends in the maker education field of introduc-
ing making to formal education (Lynn et al., 2015) and promoting
gender and racial equity in making (Holbert, 2016; Pinkard, Erete,
Martin, & McKinney de Royston, 2017).

The university students were motivated to engage with stake-
holders throughout the quarter long course when given the op-
portunity to do so following the volunteer assignment. This en-
gagement led to a number of qualitative differences in their
design and understanding of making. Researchers and practi-
tioners interested in teaching accessible making should promote
student engagement with external stakeholders. The reasons for
this are twofold. First, to support the learning of design students
(Ludi & Ludi, 2007; Shinohara et al., 2017). Second, to create a
real world impact by better designed solutions that stakeholders
and other users may use.

6.2. Limitations and future work

This paper has a number of limitations. As displayed in our
conjecture maps, the course has three outcome goals. In this
paper, we examined the first two, for students to understand
making critically and to design accessibility solutions for making.
Bidirectional analysis allowed us to analyze student products
and self-reported process and thinking. However, to document
a reliable change over time in students’ deconstructed concept
of making requires a pre-post analysis. Future studies should
address university students’ understanding of making as it devel-
ops throughout an accessibility course rooted in critical disability
studies.

The second limitation of this work is its backgrounding of
stakeholders’ experiences. A central motivation of this research is
to produce real world impact through students’ designs and work
with local communities. In our work as designers, instructors, and
researchers of the course, we focused on the design and learning
of our students. This backgrounds what learning may or may
not have occurred among the stakeholders and specifically the
children who participated in the maker activities. In future work,
we plan to promote a prolonged engagement between students
and stakeholder communities and to study the experience of both

parties.
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A related and third limitation is the restricted scope of the
aker activities in this study in terms of duration and depth.
he activities designed by students in the course represent short
ngagements of children with making akin to the introductory
aking and tinkering found in museums (Bevan, Gutwill, Petrich,
Wilkinson, 2015; Gutwill et al., 2015). Future research should

xplore the design and implementation of longer and gradually
omplex maker activities for children with disabilities that mirror
urrent trends to design robust maker curricula for both informal
nd formal learning contexts (Bevan et al., 2015; Fields, Kafai,
akajima, & Goode, 2017).

. Conclusion

As the scholarship on making and learning grows, we think it
s important to put an emphasis on equity, especially for children
ith disabilities. We posit that one way to promote a more

nclusive maker movement is to teach university students how to
esign accessible solutions for making. In this paper, we shared
he iterative design, implementation and evaluation of a uni-
ersity level course on accessibility in making for people with
isabilities. Results from student projects show that students
an learn about making and design accessibility solutions in the
orm of technological tools and maker activities. Moreover, stu-
ents’ design processes and learning improved when working
ith external stakeholders. This work invites researchers and
ractitioners of making to advance the inclusion of children with
isabilities in the promises of the maker movement.
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