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Figure 1: Daedalus: generator of BLV-friendly tactile aids for laser-cut assembly. (a) Daedalus software interface elements. (b)
The user builds a laser-cut model via built-in function Joint Assembly in Fusion 360. (c) Upon receiving the input of joints,
Daedalus can provide entry component candidates to generate BLV-accessible layout (d). (¢) A BLV user assembles a laser-cut
chair (bottom-left) using a Daedalus-produced layout, in which: (f) Tactile arrows guide joint connections; (g) Slots act as
stabilizers; (h) A hollowed circle linked to a component marks the assembly entry point.

ABSTRACT

Design tools and research regarding laser-cut architectures have
been widely explored in the past decade. However, such discus-
sion has mostly revolved around technical and structural design
questions instead of another essential element of laser-cut models
— assembly — a process that relies heavily on components’ visual
affordance, therefore less accessible to blind or low vision (BLV)
people. To narrow the gap in this area, we co-designed with 7 BLV
people to examine their assembly experience with different laser-
cut architectures. From their feedback, we proposed several design
heuristics and guidelines for Daedalus, a generative design tool
that can produce tactile aids for laser-cut assembly given a few
high-level manual inputs. We validate the proposed aids in a user
study with 8 new BLV participants. Our results revealed that BLV
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users can manage laser-cut assembly more efficiently with Daedalus.
Going forth from this design iteration, we discuss implications for
future research on accessible laser-cut assembly.
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1 INTRODUCTION

Among fabrication methods, laser-cutting is faster (compared to
3D printing) and produces sturdier objects (compared to paper-
prototyping). Constructing an object using laser-cutting typically
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involves two stages: designing individual pieces and assembling
these pieces into a complete object. Past research primarily ad-
dressed the rst stage design. Design tools were proposed for
tasks ranging from facilitating e cient conversion to 2D plates
from drawn models 22, 45 46, 52 55, promoting the complexity

of laser-cut object functionality 29, 34, to strengthening objects'
structural integrity [1, 4, 42 44. However, these design tools seldom
address the second stage assembly. The lack of research on tools
to support the assembly process may stem from the assumption
that users have normal sight which allows them to see individual
pieces as well as how these pieces are put together. However, for
users who are blind or low-vision (BLV), such assumption is false.
The over-reliance on visual perception and representation renders
the assembly process inaccessible to them. Therefore, there is a
need for research on a new tool to support BLV people to make
sense of individual laser-cut components during assembly [3].

Accessibility of DIY prototypes is important for BLV empower-
ment, as it allows them more control over their needs for unique
assistive technologies3f]. Making laser-cut architecture assembly
more accessible to BLV people can also not only allow them to
access the convenience of laser-cut objects, but also facilitate dex-
terity and spatial skill training. For instance, non-visual acquisition
of spatial skills can bene t from sensory feedback of motor signals,
which can take the form of manual familiarization with object com-
ponents and whole-structure relationship by construction iterations
[21]. Additionally, methodical construction iteration of 2D-to-3D
object models is also used by visual impairment specialists in the
teaching of mathematical concept$]]. Hence, making laser-cut
assembly accessible to BLV users can facilitate their well-being on
multiple dimensions.

To make the rst attempt on developing accessible aids for laser-
cut construction, we took a user-centered design approach. We rst
performed a formative study with 7 BLV individuals to investigate
how they experience the current format of laser-cut DIY objects
during the assembly process, and through a co-design process iden-
ti ed certain accessibility design features. Our results suggested
that in order to facilitate the assembly process, BLV people re-
quired informational hints about entry components, stabilization,
joint pairing, joining directions, symmetry and assembly order by
spatial placements, etc. We co-designed several tactile and spatial
representations of the hints (Figure 1 abcd), categorized by several
heuristics and guidelines, while considering information modera-
tion and model aesthetics.

Inspired by these ndings, we implementedaedalusan add-
in compatible with a commonly-used design system (Autodesk
Fusion 368), which automatically generates tactile cues to better
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aids could signi cantly address the accessibility barriers for laser-
cut assembly. We end by discussing more design implications and
future work.

The main contributions of this work are: (1) A formative study
with 7 BLV participants identifying accessibility barriers and design
heuristics that address them. (BPaedalusa design add-in com-
patible to a commercial design system while considering proposed
design heuristics. (3) An evaluation with 8 BLV participants show-
ing the e ectiveness of proposed tactile aids and revealing design
implications for future research.

2 RELATED WORK

The creation ofDaedalusvas inspired by the shift in maker move-
ments towards accessible fabrication, and the high expressivity of
laser-cutting machines which has not yet been harnessed to bene t
the BLV population.

2.1 Accessible Fabrication and the Maker
Movement

The rise of maker culture has promoted a ordable and accessible
prototyping tools (e.g., 3D printer, laser cutter, et@) bq as well

as online platforms for sharing knowledge about design and fabri-
cation (Instructabl@, Thingiversé, Pinterest, etc.) P], which o er
opportunities for end-users to recreate, augment and customize
existing or new appliances on their ownlp 16 24, 25 41, 51].
This movement has also made Do-It-Yourself Assistive Technology
(DIY-AT) more accessible to BLV people, extending the power of
non-expert individuals with disabilities to create devices that meet
their own needs, in contrast to ready-made AT which poorly accom-
modates high variability in disabilities' manifestatior2f, 25 34.
Accessible tools and techniques are needed to increase the involve-
ment of BLV users, who know best what they neds].[Observations

of maker spaces and workshops revealed that users with disabilities
want to make in order to ful Il their own needs, help others, and
gain recognition for their ability; they also revealed that DIY-AT
promotes greater adaptation and adoption of A7 40. Below,

we detail research in this area that has focused on both creating
speci c fabricated tools for BLV, as well as tools that enable BLV to
do the designing and creation themselves.

2.1.1 Fabricating assistive tools for BRMviding non-visual ac-
cess to everyday interfaces that may be digital or intangible is
essential for BLV individuals. Multiple fabrication-based solutions
have been explored. For instance, fabricated tactilizations of vi-
sual information include not only data-oriented visualizations that
improve data sensemaking and design educati8n3g by cre-

guide the laser-cut assembly process for BLV people. After basic ating geometric coordinates or graphic design layouts, but also
initiation (e.g., import and extrude sketch, assemble joints), the more creative content such as imagery in children's books that
designer chooses whether to add the support area (Figure 1 g, 6).convey dynamic spatial concepts in story imagery to promote in-
Based the proposed heuristic 3.5 and guidelinesBa&dalughen teractive reading experience for childre2§. Fabricated objects
recommends potential entry components to the designer (Figure 1 can also more actively facilitate direct interaction with computing
c), and nally generates an auto-arranged spatial layout with tactile  devices. For instance, TangibleCircuits7] and Interactiles b4
aids that is printable by a laser cutter. Via a follow-up evaluation render 3D-printed models to improve BLV interactions with capaci-
with BLV users (n=8), we demonstrated that the generated tactile tive touchscreens. Facad2d also uses 3D-printing to create tactile

2https://www.instructables.com/
Shttps://www.thingiverse.com/

https://www.autodesk.com/products/fusion-360/overview?term=1-YEAR 4https://www.pinterest.com/
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buttons that make at interface panels more accessible. Touchplates
[2€ uses a exible method of integrating tactile feedback onto at
surfaces that can be laser-cut, 3D-printed, or made by hand.

2.1.2 Design tools to facilitate BLV makifig.address the need
for BLV user involvement in the fabrication of their own tools,
recent works have made the e ort to empower BLV people in the
making and designing process. TangibleCircuits made online circuit
tutorials accessible to BLV people by parsing digital circuit diagrams
into 2.5D tactile ones. ShapeCARBY addressed usually-visual 3D-
modeling by creating an interface for BLV users with 2.5D shape
display interaction. Molder48, supported design of tactile aids by
adding multimodal audio and high-contrast visual feedback for BLV
designers. Flat, tactile templates have also supported BLV editing
of spatial screen layouts [32].

As seen above, most of the BLV-oriented fabrication technologies
we have seen support 3D-printing with the exception of at (tactile-
oriented) fabricated objects, which can use laser-cutting or 3D-
printing. However, laser-cutting is still often used to prototype
more complex 3D objects that require assembly. Below, we review
the state of laser-cutting fabrication in HCI and the opportunities
it creates for improving accessibility.

2.2 Technology for Usable Laser-cutting

Laser-cutters are a rapid prototyping tool that has become increas-
ingly more low-cost and miniaturized. It is also ideal for making
tactile text and graphics27, 32 36, labeling Braille PQ, or aiding
everyday tasks, such as typing [26].

However, our survey below shows that laser cutting, despite its
high versatility, has received less attention from the accessibility
perspective, compared to 3D printing. Laser-cutting is recognized
as an important method for fast design iteration, which is needed
in most cases of creating more complex fabricated objects [6].

Current tools for laser-cutting focus on the structure and func-
tion of the assembled laser-cut object, as well as facilitating laser-cut
design for novice users. Various algorithms and design interfaces
focus on simplifying the conversion of 3D models or drawings into
planar-assembly format4, 22 35 45 46. Other systems work to
enhance the functionality of laser-cut architecture. Platené} [
combines laser-cutting with 3D-printed ne parts to expedite low-
delity prototyping, LamiFold [29 embeds advanced rotary, linear,
and chained mechanisms in the plate design for more mechanically-
functional laser-cut objects, and Bend-a-ruleq designs bendable
laser-cut parts for 3D contouring. Others automatically generate
suitable joint combinations for laser-cut assembly [44, 55].

2.3 Object Manipulation in the BLV Population

A signi cant di erence between laser-cut and 3D-printed objects,

is the requirement of planar assembly. BLV people's processing of
haptic object input in the absence of a global visual representation
creates a need for designing laser-cuts that better facilitate sense-
making of pieces during component assemb8}.[Blindness leads

to compensated mental imagery representation and haptic recog-
nition skills, which are important for the spatial problem solving
required during object assembly [18, 19].
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Accordingly, facilitating the activity of laser-cut assembly for
BLV users not only extends their ability to fabricate, but also con-
tributes to education and spatial training for daily life skills. Decon-
structable haptic models are used to teach algorithmic thinking for
BLV students 11], and tactile/haptic familiarization with changing
model con gurations is used to train and improve BLV individuals'
peripersonal spatial skills [13, 31].

3 FORMATIVE STUDY: CO-DESIGN
ACCESSIBLE LASER-CUT CONSTRUCTION

In order to identify accessibility barriers and design heuristics ( rst
contribution), we conducted a formative study, taking a participa-
tory design approach by positioning BLV people as co-designers.
Since most participants were unfamiliar with laser-cut structures,
prior to the co-design session, they received ve chair/table laser-
cut models to practice. They were instructed to assemble the models
independently to the best of their ability. In the co-design session,
participants and researchers discussed the encountered barriers
and the potential ways to address them. More details about the
formative study and ndings are presented next.

3.1 Determining Target Laser-cut Joints and
Models

To ensure that our study introduced BLV people to a comprehensive
sample of current laser-cut architectures, we reviewed and labeled
over 600 most recent projects tagged with lasercut" on Thingiverse.
We labeled each model's joint types, and the categorization of joint
types was determined by referral to prior research and online
sources. We also noted that a single model may involve multiple
joint types, and our categorization accounted for common joint
type combinations.

Our review in Figure 2 revealed that slot (37.7%), nger (33.7%)
and Mortise and Tenon (MT, 43.7%) joints were the most signi cantly-
occurring joints compared to bolt (13.6%), stacking (12.9%), and
jigsaw (2.6%). We also found that some of them did not appear
independently but in combination with other joints (37.38%). Upon
examining pairwise combinations of these three most commonly-
used joints, 58.3% were nger and MT joints, 33.5% were slot and

Shitps://www.instructables.com/Laser-Cutting-Basics/

Figure 2: Joint categories sampled from the 600+ latest ex-
amples on Thingiverse. (a,b,c) Parts of selected chairs in our
study. (d) Thing:3511749. (e) Thing:23586. (f) Thing:26277. (g)
Thing:38766. (h) Thing:77657. (i) Thing:361789.
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