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P ICTURE YOURSELF AT the recital of a 10-year-old boy, 
Wilbur (Figure 1 and featured on next page). Wilbur 
plays the cello beautifully. Like many of his peers,  
as he grows he needs to move to a larger instrument. 
However, unlike his peers, he also needs a new device 
with which to hold his cello bow. Wilbur is limb 
different, with a bow arm that ends just past  
his elbow. His family has worked hard to provide 
access to the best resources available: he has  
physical and occupational therapists and summer 
camp staff who are skilled at creating custom 
adaptations for him. However, creating an adaptation 

that works for Wilbur and his bow is 
difficult to do with existing prosthet-
ics, which were designed for general 
tasks. His first cello-holding arm was 
patched together with rubber bands 
from a prosthetic. It was a start, but 
one he quickly outgrew. However, the 
best alternative specific to a stringed 
instrument was hinged in all the 
wrong places because it was designed 
for a violin.

Consider now a community of vol-
unteers with 3D printers that can print 
complex, three-dimensional physical 
forms, with 3D modeling experience, 
and with an enormous capacity to do-
nate their time and effort. This real-
world grassroots community—e-NABLE 
(http://enablingthefuture.org) — consists 
of a diverse swath of people, from Boy 
and Girl Scout troops to university re-
searchers, scattered across the world. 
e-NABLE innovators have 3D printed 
thousands of prosthetic hands for chil-
dren. Two e-NABLErs, Drew Murray 
and Stephen Davies, created the first  
e-NABLE arm for children without a 
wrist. They collaborated with the au-
thors to create a solution for Wilbur.

The power and potential of com-
putational fabrication technologies 
to change the world is evident in this 
example and the many other solutions  
e-NABLErs have created for children 
and adults of all abilities. In fact, we 
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 key insights
 ˽ Digital fabrication and craft enable 

people with disabilities to create assistive 
devices that meet their unique needs. 
This is valuable as a tool for co-design 
between researchers and people with 
disabilities and as a means toward  
a more accessible world for all.

 ˽ The creation of assistive technology  
is a multidisciplinary and collaborative 
effort. Beyond people with disabilities,  
we must support professional and 
personal caregivers who create and  
co-create assistive technology.

 ˽ Assistive technologies involve intimate 
devices often attached to the body or 
embedded in a personal environment.  
To match that value, digital fabrication 
must support a wider variety of materials, 
such as soft fabrics and strong metals.
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are on the cusp of a radical change in 
the economy that is being driven by the 
advent of consumer-grade fabrication 
technologies. Just as content creation 
has progressed from languages such 
as HTML to advanced and easily used 
graphical user interfaces for website 
creation, so fabrication technologies 
will progress from today’s complicated 
hobbyist technologies to user-friendly 
and ubiquitous techniques that alter 
daily life.

The progress toward consumer-
grade manufacturing offers likely and 
still unforeseeable applications. Here, 
we are interested in its utility for chang-
ing who can access and produce assis-
tive technology worldwide. We use the 

term assistive technology to reference 
devices that can increase the function-
al capacity of people with disabilities. 
While the etiology of disability varies 
greatly, its occurrence is constant, and 
the likelihood of experiencing a dis-
ability increases with age.

While disability need not be a barrier 
to employment, it significantly affects 
employability. As of 2016, only 17.5% 
of people with disabilities were in the 
U.S. workforce.10 While many barriers 
faced by the disabled are sociological, 
others are structural or individual and 
have been addressed through design 
and computation. Studies have shown 
that website accessibility continues to 
be a significant challenge.4

Just as software automation can 
help to address some of online chal-
lenges, consumer-grade fabrication 
technologies can dramatically extend 
the power of non-experts to address 
structural issues in the physical world. 
For example, they can let fabricators 
create: tactile interfaces to digital22 and 
physical objects,12 maps of physical 
spaces,40 and children’s books.38 They 
also help inexperienced designers build 
and customize their assistive tech-
nology,5,15 increasing adoption and 
reducing costs.19

In this article, we first discuss appli-
cations of fabrication in the domain of 
assistive technology (AT) to highlight 
its potential value. We also review some 
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or no, mechanism or computation. 
The cello bow holder Wilbur uses is a 
fabricatable example that epitomizes 
many of these solutions in its high im-
pact and relative simplicity.

While grassroots efforts have been 
effective, one of the most compelling 
aspects of fabrication technologies is 
the opportunity to further enhance AT 
production and use by leveraging com-
putational power. Computation can 
enhance the set of things that can be 
created and broaden participation to 
include a wider set of producers.

Fabrication for computer access. 
One important opportunity for fabri-
cation technology lies in making com-
puters more accessible to blind users. 
While GUIs offered a paradigm shift 
for sighted users that enormously im-
proved their interactive experience, 
they have made interaction more dif-
ficult for blind users. Even relatively 
simple tasks, such as Web browsing, 
which generally do not require mas-
tering an entire windowing system, 
can take more than twice as long as 
they do for sighted interactions.4 An 
alternative is to embody information 
in tangible form. This has proven 
valuable for spatial information22 and 
contextual information.37,38

For example, we created a tangi-
ble scrollbar to convey information 
about content as blind users move 
its thumbs; its software updates the 
scrollbar as context switches.2 We also 
embodied context in physical icons as-
sociated with a physical task switcher 
(see Figure 3). Together, these two tech-
niques reduced task completion times 
in a simplified e-commerce task by over 
50%.2 Other tangible techniques, such 
as access overlays, also significantly cut 
task completion times.22

A growing research space explores 
how 3D printing can move both phys-
ical and audible information into a 
3D-tactile space, offering new access 
conduits to blind users. Stangl et al.38 
used 3D printing as an artistic con-
duit for creating tactile picture books 
for blind children. Taylor et al.40 ap-
plies 3D printing to the design and 
generation of tactile maps for blind 
navigation. Shi et al.37 focuses more 
generally on how blind users interact 
with fabrication technology with re-
spect to labeling models and creating 
them, respectively.

challenges to the vision of consumer 
production of AT, such as the lack of 
a clinical perspective. While these are 
important problems, their resolution 
would be insufficient for the creation of 
fabricated AT without advances in fab-
rication research, as well. Our studies 
show that even the advent of low-cost, 
consumer-grade fabrication machines 
will not simplify the process of produc-
ing useful and usable AT artifacts.

While the vision of consumer-
grade fabrication is intriguing, many 
challenges remain before it can be ful-
ly realized. Good design still requires 
engineering knowledge; the hardware 
used for fabrication is limited and 
difficult to operate; and the materi-
als available are limited. Currently, 
rapid prototyping and personal scale 
fabrication are the domains of crafts-
people and makers, but we expect this 
technology to democratize,39 expand-
ing the domain of fabrication from ex-
perts and enthusiasts to consumers. 
From maker spaces where consum-
ers can gain expertise to 3D-printing 
firms that will manage the hardware 
for you, solutions are beginning to ap-
pear. However, our studies show that 
empowering consumers will require 
better tools, as well.

We discuss these challenges and ap-
proaches to overcome them. We con-

Figure 1. Wilbur at his recital.

clude by defining barriers to 3D mod-
eling that must be addressed for end 
users to produce practical, efficient ob-
jects. Framing consumer-grade fabrica-
tion technologies as tools for enabling 
accessibility presents unique and diffi-
cult technical challenges in terms of de-
veloping new materials, manufacturing 
processes, and design tools.

Fabricating Accessible Solutions 
Assistive technology research has tra-
ditionally focused on two problem 
areas for people with disabilities: 
improving computer access, and im-
proving access to the world through 
ubiquitous and now Internet of 
Things (IoT) technologies. However, 
as a field, it has only recently begun 
to assess the potential of fabrication 
technologies. Consumer-grade fab-
rication technologies can create a 
paradigm shift that will significantly 
improve both of these traditional do-
mains. Grassroots efforts to use fabri-
cation for these purposes have already 
appeared on the most popular 3D 
model sharing sites (Figure 2).5 This 
is not surprising given the importance 
of self-made AT historically in the dis-
ability community, as described in 
Chen et al.9 Most of these devices, 
however, were designed to interact 
with everyday objects with minimal, 
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Figure 3. A tangible scrollbar and task switcher.2

Figure 2. Example objects that address accessibility (http://Thingiverse.com).5We challenge the research commu-
nity to further explore interaction alter-
natives and use them to develop tools 
that will improve access to desktop, 
Web, and mobile computing not just 
for the blind, but for those with other 
disabilities, as well. To do so, advances 
in underlying technologies for parsing, 
error correcting, and representing ap-
plications and their accessibility infor-
mation are sorely needed.

Using 3D printing to create tactile 
representations of digital information 
benefits consumers of online content, 
but little existing research tackles the 
production of accessible physical con-
tent. We envision two avenues for re-
search in this space. The first focuses 
on automatically converting existing 
content into tangible, accessible con-
tent in the vein of TactileMaps.net, 
used to generate portable physical 
representations of geographic data.40 
The second avenue for research focus-
es on fabrication of authoring tools 
that let producers design accessible 
physical content specifically for these 
modalities, as with physical augmen-
tations that trigger audio playback.37

Fabricating access to the world. 
Much of the accessibility work now 
shared online focuses on improving 
access to the physical world rather 
than improving computer access.5 In-
deed, a long history of grassroots and 
craft-based creation of AT is summa-
rized in Robitaille.34

When computation joins fabrica-
tion, powerful forms of customiza-
tion become possible. For example, 
the advent of inexpensive touch-
screen technology has led to at in-
terface panels on appliances, reduc-
ing accessibility for the blind. While 
braille stickers are an option, not all 
blind people read braille, and such 
stickers can obscure labels for sight-
ed people who share appliance use. 
The Facade application12 uses a crowd-
sourcing pipeline to produce custom, 
semi-transparent tactile overlays for 
appliances. A Facade user first places 
a fiducial marker (a dollar bill) on the 
appliance near the control buttons 
and photographs it (using software de-
signed to support photography by the 
blind). Next, crowd workers are asked 
to label the appliance buttons. Mul-
tiplexing this task among multiple 
crowd workers speeds completion 
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Figure 5. Clinicians, academics, and e-NABLErs working together to understand varied 
perspectives.13

perspectives, they lacked the techni-
cal expertise needed to turn them into 
a solution.

Related to expertise is the difficulty 
of designing new devices. The tradition-
al solution has been to create a single, 
high-cost generalist design that meets 
most needs and thus can be reused. 
This approach fails in cases such as Wil-
bur’s specialized need (holding a cello 
bow). In addition, Wilbur has no inter-
est in generalist devices since he usually 
chooses not to wear a prosthetic.

The notion that consumer-digital 
fabrication technologies will democ-
ratize the means of production has 
been explored and criticized from 
many perspectives. Tannenbaum et 
al. examine the overlap between  
“hedonistic technologies” and prac-
tical technologies in the context of 
3D printing, suggesting that consum-
er-fabrication can benefit the fabrica-
tor from both emotional and eco-
nomic perspectives.39 Ames et al. 
criticize this framing, reflecting on 
how, in Western culture, corporate 
interests related to consumer-grade 
fabrication privilege certain stake-
holders over others.1 Lindtner et al. 
note that it is the design of CAD tools, 
primarily informed by HCI research, 
that can encourage a wider range of 
stakeholders to participate in con-
sumer-grade fabrication.25

To bring these efforts to the AT 
space, specific tools and communities 
must be supported. Buehler et al.’s ex-
plorations of AT in the context of dis-
ability lays much of the groundwork 
for democratizing assistive technol-
ogy design in disability-related con-
texts. Buehler et al. explored the 3D 
printed AT practices of nondomain ex-
perts on Thingiverse,5 which highlights 
the gap between nonprofessional AT 
fabrication and traditional AT design 
spaces (such as educational and clini-
cal practice). Buehler et al. developed 
recommendations for special-educa-
tion maker spaces and their potential 
uses.6,7 McDonald et al. used a similar 
approach to develop recommenda-
tions for physical therapists interest-
ed in adopting 3D printing into their 
clinical practice.27 However, general-
purpose CAD tools have not yet adapt-
ed to effectively support AT design.

The e-NABLE community could in 
principle address such issues. In prac-

Figure 4. Appliance façades.12

times. Finally, Facade generates a 
custom 3D model with either braille 
or symbolic/text labels based in part 
on user-specified preferences. A 
home printer or commercial service 
can produce the final overlay, which 
can then be attached to the appli-
ance (Figure 4). It is notable that the 
crowd workers in this process are not 
professionals or makers; they and 
the end user are not expected to have 
manufacturing skills, a true example 
of consumer-grade fabrication.

Broadening Participation  
in Production
The preceding examples demonstrate 
the value of fabrication in solving AT 
problems. Less visible, however, is the 
degree of expertise necessary to pro-
duce working solutions. Expertise may 
reside in a variety of stakeholders. For 
example, when trying to design a bow 
holder, Wilbur’s family, teachers, and 
clinicians worked together at differ-
ent times to try to solve his problem.15 
Although they all contributed valuable 
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tice, the difficulty of designing new 
devices creates a bottleneck for poten-
tial recipients. Only a few community 
members can design, as opposed to 
make or deliver, new devices.30 Access 
to the few who can design ultimately 
helped to provide key parts of what Wil-
bur needed.

Design is difficult at many levels. 
For example, challenging design vari-
ables for those who attempted to create 
solutions for Wilbur’s cello bow includ-
ed: the optimal length of the holder (the 
total distance from shoulder to holder), 
the correct angle of the bow in its holder, 
the direction of the bow in its holder, 
the fit to Wilbur’s arm, the degree of 
give in various directions, the ease of 
removing and replacing the bow, the 
ability to easily store the bow in his 
cello case (with something attached to 
it), and the materiality and durability 
of the bow holder. These are but a sub-
set of all problems encountered when 
trying to understand or invent the best 
solution for Wilbur.

How do we ensure appropriate 
forms of stakeholder expertise are so-
licited? A workshop with clinicians 
and e-NABLE community members 
surfaced serious tensions between the 
clinical culture of do no harm and the 
e-NABLE culture of help where you 
can (Figure 5).13 These tensions point 
to opportunities for collaboration, de-
sign process improvements among 
amateurs (including better follow-up 
and data collection), and new deploy-
ment models that include both clinical 
and community effort. Many clinicians 
push back on the inclusion of ama-
teurs in the creation of AT, specifically 
prosthetic-like devices, because they 
fear that amateurs are unable to iden-
tify potential harms, let alone coun-
teract them. Conversely, volunteer AT 
creators point out the harm of limiting 
access to devices when a clinician’s 
time is expensive and scarce. Wilbur 
would not have access to a cello bow 
without help from the many stakehold-
ers involved in creating his bow holder, 
but this is a notably minimal risk task, 
and the design process that worked in 
this scenario may not be generalizable.

Equally challenging is how to de-
termine the level of expertise needed 
to express a solution using today’s 
tools. Basic design capabilities taken 
for granted in computer science, such 

as reuse and modularity, are not sup-
ported. In addition, tools that stream-
line the engineering process, such as 
version control, are lacking. Finally, 
tools that empower non-experts are ex-
tremely limited, in part because of the 
lack of supporting capabilities such as 
those just described. In practice, creat-
ing models is so difficult that many end 
users are limited to 3D-printing mod-
els created by others.

These difficulties represent un-
derlying challenges that are ripe for 
research and product advances. Here, 
we detail a few such opportunities, fo-
cusing in particular on the variety of 
materials and design tools available 
to fabricators.

Fabrication Materials and Machines
A wide variety of materials are available 
to end users for fabrication if we define 
‘materials’ broadly to include crafting. 
For example, fiber arts—including knit-
ting, crochet, felting, weaving, and sew-
ing—are hugely popular, as evidenced 
by sites such as http://ravelry.com. Most 
use a range of natural and synthetic fi-
bers. However, hobbyist crafting ex-
tends far beyond fiber arts; it includes 
a wide array of materials, from wood to 
metals to glass to ceramics, used to cre-
ate beautiful, practical, and desirable 
objects of different sizes and types and 
increasingly leverages digital tools for 
some aspects of the process.

In contrast, consumer-grade printing 
is typically limited to about 200x200x-
200mm (or less) and is primarily asso-
ciated with two plastics: acrylonitrile 
butadiene styrene (ABS) and polylactic 
acid (PLA). Although the range of avail-
able materials is rapidly increasing (for 
example, flexible polymers and conduc-
tive materials), the basic method of con-
struction used by most consumer-grade 
3D printers requires having something 
that will melt, has the right viscosity 
when melted, will cool quickly, and will 
hold its form.

Thus, to truly broaden the range of 
materials, we must consider new ways 
of printing. Commercial alternatives, 
such as resin- or paste-based printing, 
are available to consumers. However, 
compared to the range of materials that 
most people associate with quality prod-
ucts and choose to touch and interact 
with daily (such as wood, silk, cotton, 
and stone), available 3D-printing mate-

To truly broaden  
the range of 
materials, we  
must consider new 
ways of printing. 
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However, improving the accessibility 
and viability of consumer-grade print-
ing for additional materials remains an 
open problem. Metals, wood, glass and 
ceramics are all materials that consum-
ers might like to use for printing. Each 
poses a challenge to automation.

Additionally, better consumer-
grade production pipelines are needed. 
For example, to fully leverage knitting 
machines, a pipeline might encom-
pass pattern design or selection, modi-
fication based on scanned or measured 
properties of a real-world object (such 
as the shape of a body or a limb differ-
ence), verification of printability, and 
production. As we describe next, such 
pipelines will require changes not only 
in the manufacturing technologies 
available to consumers, but in the de-
sign software available to them as well.

Fabrication Design Tools
The design tools available to today’s 
home hobbyists are fairly basic. They 
consist most often of a pen, pencil, and 
deep knowledge of a craft, sometimes 
supplemented by easily available de-
signs that can be reused or modified. 
In contrast, extremely powerful de-
sign software is available for creating 
the input files used by 3D printers. 
However, we maintain this software is 
not well suited to the needs or abilities 
of the types of people who might use 
consumer-grade fabrication technolo-
gies. Further, this software is not well 
suited for many of the stakeholders 
who create AT: clinicians, teachers, 
peers, and family.

This section focuses on problems 
that home hobbyists (including do-it-
yourself AT creators) encounter, none 
of which is streamlined by existing 
software. These problems generally 
stem from the fact that functional ob-
jects must engage in some way with the 
real world. Further, the design process, 
which extends from conception to as-
sembly, requires study to identify and 
understand where and how end users 
encounter difficulties. Some examples 
of unexpected end user challenges in 
the design of functional objects in-
clude measurement (and its potential 
for error), attachment or interface with 
the world, modification or adaptation 
(particularly important for building 
AT). Finally, to be effective on a large 
scale, we believe that designs must en-

rials are limited. Having a variety of ma-
terials is especially critical in the design 
of AT. These materials must be: durable, 
to withstand daily use over years; com-
fortable and wearable when touching 
the user’s skin; and sufficiently strong to 
withstand the weight or strength of the 
user. 3D-printable filaments fall short 
on all of these criteria, limiting the scope 
of existing 3D-printed AT.

The next steps in consumer-grade 
material production do not necessarily 
require the wholesale redesign of 3D 
printers, though that may be part of the 
solution. For example, if we consider 
attempts to use fiber-based materials 
(such as cloth or yarn) in 3D printing, 
we can point to a range of solutions as 
exemplars, described here and illus-
trated in Figure 6.

New types of manufacturing tech-
nologies can be used (Figure 6a). For 
example, knitting machines are com-
mercially available but not easily pro-
grammable. By making their capabili-
ties more accessible, we would enable 
a new form of manufacturing to reach 
consumers. Doing so would require an 
underlying language and compiler that 
describes knittable objects in terms 
of shapes (sheets and tubes) instead 
of low-level knitting machine instruc-
tions.26 Having such capabilities for AT 
could enable the construction of cus-
tomized fabrics embeddable in cloth-
ing for people with disabilities.

The printer itself could be rede-
signed. For example, it is possible to 
print in laser-cut layers of cloth (Figure 
6b).31 In this design, a roll of cloth is 
placed just below a surface to which it 
is held by suction. The partially printed 

form is laser cut out of the cloth. The 
print bed (with the partially printed 
object on it) is then raised and the suc-
tion released. When the print bed is 
lowered, a hot iron adheres the new 
layer to the one below it; the cloth must 
be prepared with appropriate glue on 
its under-side. Alternatively, the print 
head of a standard 3D printer could 
be modified to take a radical new ap-
proach (Figure 6d). For example, a 
consumer-grade 3D printer could feed 
wool yarn, instead of plastic, through 
a special print head that would adhere 
it to the print using a felting needle.16 
This would permit the creation of en-
tirely fiber-based, printed soft objects, 
but it could also accommodate other 
materials.16 By combining soft and 
hard, for example, we could potentially 
create an orthotic with soft materials 
where it touches the body, but hard 
materials for interacting with physical 
world objects.

Cloth could also be incorporated 
into a standard desktop 3D printer 
(Figure 6c).33 For example, the printer 
could be paused to add a layer of cloth, 
or cloth could be adhered to the print 
bed and 3D printed upon. This would 
make larger scale 3D-printed objects 
possible, allow the creation of custom 
sensor shapes, and enable rapid proto-
typing, among other benefits.33 In the 
AT space, printing cloth has numerous 
applications, from creating soft- and 
large-scale mechanisms to advancing 
the mixed material properties of tactile 
aids, such as picture books.38

This series of examples illustrates a 
range of approaches for expanding the 
set of consumer-fabricatable materials. 

Figure 6. Four examples of cloth combined with fabrication. 

(a) A knitting machine compiler is used to make clothing for a teddy bear.26 (b) A rabbit is printed in 
layers of cloth.31 (c) A desktop 3D printer is used to print on cloth to create new types of objects, such 
as this lampshade.33 (d) A desktop printer is modified to print using felt.16

(a) (b) (c) (d)
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Figure 9. Some examples of objects designed for measurement uncertainty.

Figure 7. Some examples of inaccurate measurement practices.23 

(a) The tick mark on the paper is not aligned with the end of the phone for measuring phone length.  
(b) A ruler is not an ideal way to measure angles accurately. (c) The width of the light bulb’s base  
is difficult to estimate, and the task is ill defined (that is, should the outside or the inside of the threads 
be measured?).

(a) This tripod’s angle can be adjusted. (b) Part of this handle can be replaced to resize it. (c) This cup 
holder has buffers in it. For most of these objects, flexibility in the face of error also affords new flex-
ibility in use (for example, the cup holder can fit many cups).23

(a) (b) (c)

code information specific to reuse to 
be easily modified for new contexts. We 
discuss each challenge.

Measurement. When a model must 
conform to a specific real-world goal 
after it is 3D printed, it is important 
that the goal be precisely specified. 
However, measurement errors pose a 
significant yet often overlooked chal-
lenge for end users, as determined by 
a systematic study of the sources and 
types of such errors.23

Kim et al. found that user error 
(such as misaligning instruments and 
misreading units), measurement in-
strument precision, and even task 
definition made measurement error 
common.23 Figure 7 depicts some ex-
amples of faulty measurements from 
the study. Compounding these errors 
is the fact that 3D printing itself is not 
perfectly precise. For example, some 
materials shrink slightly as they cool. 
Thus, measurements are at best ap-
proximations that contain some degree 
of uncertainty. A model robust to this 
uncertainty will be less likely to fail.

Measurement error can be ad-
dressed at the prototyping stage using 
mixed design approaches that incor-
porate simple materials such as foam 
or Lego Bricks.®28 This same approach 
has been successful at facilitating ex-
perimentation and iteration in AT de-
sign.15 An example is our iterative de-
sign of the cello bow using Lego Bricks 
to estimate length (Figure 8).

Design strategies can accommo-
date measurement error, as illustrated 
in Figure 9. For example, by inserting 
a flexible buffer around an uncertain 
real-world object, small differences 
would no longer require reprinting. A 
related (and synergistic) strategy could 
support the replacement of small areas 
of a 3D-printed object likely to have er-
rors. This would reduce cost and waste 
because that region could be reprinted 
and then connected with a snap joint, 
adhesive, or other method. Innovation 
is needed to further expand this set 
of methods and develop robust auto-
matic tools for applying them in a wide 
range of contexts.

Attachment. For functional ob-
jects to be useful, they must typically 
interact in some way with real-world 
objects (people or items to be ex-
tended, manipulated, or repaired). 
Interaction, in turn, typically requires 

attachment, the temporary or perma-
nent connection of two or more ob-
jects. Thus, the problem of attaching 
3D-printed object to a real world one 
must be addressed.

Attachment has been explored ex-
tensively outside the domain of 3D 
printing. Material properties, strength, 
usability, and aesthetics must all be 
considered when attaching objects.

The issue is sufficiently complex to 
support websites such as ThisToThat 
(Glue Advice),a which help answer 
questions about how to connect two 
objects with glue.

In the domain of 3D printing, incor-
porating existing objects is also impor-
tant. Incorporating Lego Bricks can 

a http://www.thistothat.com/

Figure 8. Prototyping the length of a cello bow holder (inset shows final result). This length 
was challenging to determine due to the lack of a physical object to measure and physiological 
subtleties in finding the right length for the dynamic activity of cello playing.15



72    COMMUNICATIONS OF THE ACM    |   OCTOBER 2019  |   VOL.  62  |   NO.  10

review articles

models. One approach to this problem 
is to make 3D printing more portable.35 
Another challenge is rethinking CAD 
in an object-centric fashion, meaning 
that models would be designed with 
respect to an existing object.

While attachment is a basic capabil-
ity needed for many 3D printed objects 
to be functional, it is only the first step. 
For an end user, the design of the func-
tion is at least as difficult as the design 
of the attachment. Sample tools that 
address this problem include Grafter,35 
RetroFab,32 and Reprise9 (Figure 12).

Adaptation and reuse. Bridging the 
gap between geometry and function 
presents a substantial challenge, even 
for experienced users. A powerful way 
to bridge this gap permits the work 
of experienced designers to be easily 
adapted and reused by others. Many re-
sources for 3D-printable designs have 
been extensively studied; they show 
that adaptation of existing designs is 
often trivial but rarely improves on the 
original designs.29 However, CAD tools 
and the models they produce, while 
general and powerful, are not neces-
sarily designed with reuse in mind. 
Functional information implicit in 
an object’s geometric form is never 
expressed explicitly; hence, it is inac-
cessible to anyone who is not also suf-
ficiently skilled to recognize the under-
lying mechanical rationale.

Modelers would benefit from the 
equivalent of an end user program-
ming tool and a set of abstractions for 
encoding design information in an in-
teractively accessible way. This is what 
the Parameterized Abstractions of 
Reusable Things (PARTs) framework 
provides; it puts advanced methods 
for capturing 3D modeling design 
intent into the hands of non-expert 
modelers.14 Doing so supports reuse, 
experimentation, and sharing.

speed up a print by reducing the 
amount of printed material.28 To im-
prove 3D printing interactivity, a way 
to design for embedded electronics 
is needed.36 Jones et al. approached 
this by combining sculpting and 
modular interaction toolkits to proto-
type interactive sculptures.21 Alterna-
tively, 3D printers could produce a 
new facade supporting alternative in-
teractions for existing physical inter-
faces (for example, Ramakers et al.32).

These examples do not specifically 
address or provide control over how the 
3D-printed object should be attached 
to the real-world object it is modify-
ing. A set of attachment methods could 
provide a basis for exploring and modi-
fying alternatives. Several challenges 
arise when attaching objects:

Collision. If an object is on the print 
bed (to be printed on or through), the 
design of the attachment must ensure 
no collisions occur between the print 
head and object. A design tool can de-
tect and visualize potential collisions 
to help the user determine a viable po-
sition for the attached component. 

Insertion. Specifically when print-
ing through an object, there must be 
a viable insertion path for the object. 
Such a path can be estimated using a 
reverse gravity model (that is, if the 
object can easily fall out when in-
verted, it can easily be placed when in 
normal orientation).

Figure 11. The Reprise workflow assumes the existence of a model of the object to be adapted. 

Durability. Strength or durability of 
the attachment can be influenced by 
the size of the connection (a very small 
footprint connecting two objects is less 
secure), the object’s flatness, and the 
direction and area of force applied to 
the attached object.

Semantics. At a higher level, the in-
tended use can influence the effective-
ness of an attachment. For example, 
balance, direction of hold (for a handle) 
and cost might be concerns that influ-
ence an effective attachment technique.

Automated tools such as Autocon-
nect24 help address these challenges by 
creating customized connectors, 
which take into account the posi-
tion and weight of the objects being 
connected. Interactive tools such as 
Encore system8 can support explora-
tion of potential attachment tech-
niques and visualize the effectiveness 
of attachment over a possible set of 
metrics (Figure 10). Further research 
is needed to determine the best 
metrics, and the best way to express 
those metrics computationally.

An open area for future investiga-
tion is how to develop tools that func-
tion in real-world settings where an 
object to be modified may not portable 
or is too large to be brought into a scan-
ner or 3D printer. This requires the 
high-quality, low-cost capture of real-
world object models and ideally the 
ability to convert them to high-quality 

Figure 10. Encore visualizes attachment goodness using a heat map.8 

Three different metrics are shown: (left) Viability for printing; (center) Likely durability based on curva-
ture; (right) Estimated usability based on the assumption that balance will be better in areas near to the 
center of mass (This assumes the forces applied have the same direction as the surface normals).

It starts with a specification of the type of action to be supported. Each action has a set of associated adaptations, from which the user picks. Reprise 
generates an appropriate model adaptation. Parameters of the adaptation can then be adjusted. Finally, an attachment method is selected.9
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Figure 13. 3D printed assistive technologies designed by Physical Therapy graduate 
students using clay that was later 3D scanned and printed.27 These include a wrist brace 
(left) hand spreader (center) and pencil grip (right).

Figure 12. Some examples of objects generated using Reprise and the original designs  
from our survey that inspired them (shown in insets). Clockwise from top left: a wrapper  
for a fork; a lever for controlling a spray bottle; an anchor for using a tool with one hand;  
a handle for a key.

PARTs’ basic abstraction is func-
tional geometry. Functional geometry 
incorporates the modern program-
ming concept of classes, which encap-
sulate data and functionality, making 
it easier to validate and mutate data, 
manage complexity, and support 
modularity. Specifically, it includes 
assertions that test whether a model is 
used correctly and integrators that mu-
tate the larger design context. These 
abstractions are available in an inter-
active graphical form and increase 
model usability and reusability.

The PARTs framework can flexibly 
address a wide variety of 3D model-
ing challenges for non-experts. It sup-
ports many tasks in-situ that are nor-
mally handled in separate dialogues or 
tools that non-experts may not find or 
understand how to use. While PARTs 
intentionally uses simple concepts, 
many model-specific design goals can 
be encapsulated using its assertions 
and integrators.

One of the benefits of PARTs is its 
generality. Reprise and Encore repre-
sent tools that provide specific, care-
fully constructed solutions to impor-
tant problems. However, they were 
each created outside the traditional 
3D-modeling context (CAD tools). 
In contrast, PARTs is integrated into 
the professional Autodesk Fusion360 
CAD tool.

Discussion and Future Work
The body of work we described in 
this article outlines the beginning of 
a path for empowering end users to 
design pleasing and functional assis-
tive technologies to share with others. 
Despite the many opportunities for 
consumer-grade, desktop 3D printers 
to solve accessibility challenges, we 
have observed few examples of end us-
ers adopting these solutions. This slow 
adoption is troubling, and we must 
delve deeper to understand the impact 
of fabrication on assistive technology. 
Here, we discuss the stakeholders cur-
rently engaged in AT production and 
the barriers they face in adopting fabri-
cation technology. We then discuss the 
importance of understanding use and 
abandonment of AT that has been 3D 
printed. Finally, we examine potential 
models for the sustainable production 
and personalization of digitally fabri-
cating assistive technology.

Stakeholders. To fully understand 
the potential for new fabrication 
technologies to transform AT use, we 
must understand the stakeholders 
involved in the design, production, 
and use of do-it-yourself (DIY) AT. 
Most existing research in this area fo-
cuses on the design of the AT, DIY-AT 
end users, and volunteers who help 
with fabrication. Studies have ex-
plored AT’s efficacy3,19 and the poten-
tial for people with disabilities to 
participate more directly in AT fabri-
cation.15,18 The volunteer communi-
ties that supports DIY-AT have also 
been thoroughly studied, both by re-
viewing the artifacts they produce5,9 
and by interviewing members of com-
munities such as e-NABLE.30 These 
communities tend to be dominated 
by people with strong STEM back-
grounds and education. This lack of 
diversity reveals opportunities to ex-
pand who can be a maker, particu-
larly in the AT context.

In contrast, many of the stakehold-
ers involved in the more traditional AT 
ecosystem do not have a STEM back-
ground. These may include educators, 
clinicians, family, and students (for 
example, Buchler et al.6,7) and physi-
cal therapists (for example, Hofmann 
et al.13 and McDonald et al.27). Further 
study is needed to explore how best to 
support these stakeholders.

Our own plans include teaching 
physical therapists to use fabrication 
tools, expanding on the methodolo-
gies developed by McDonald et al.27 
and Buehler et al.,6 who had therapists 
design assistive technology using clay 
that is later 3D scanned. Figure 13 de-
picts custom AT recently co-designed 
by older adults and physical therapy 
graduate students.

In contrast to DIY-AT communi-
ties, much less is known about AT 
making in medical settings. Clini-
cians are using fabrication for more 
than just assistive technology. For 
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tive technology. For example, it is pos-
sible to embed sensing capabilities 
during printing.20 Inexpensive, reliable 
sensing represents an unparalleled op-
portunity to collect usage data at scale, 
and to study the varied circumstances 
under which AT can be successful. 
Further, real-time data collection to 
support volunteers and clinicians by 
providing alerts when abandonment is 
predicted, or help provide information 
that can be used to support discussion 
of what is working and what is not.

Production and personalization. 
As a result of improved understand-
ing of AT abandonment or accep-
tance and the many stakeholders in 
assistive technology creation, we can 
improve the production and person-
alization of AT with consumer-grade 
fabrication techniques.

One key consideration for using 
consumer-grade fabrication to pro-
duce AT is who actually runs the printer 
and where is the printer situated. Vol-
unteer AT models situate the printer 
in the home of a volunteer or a person 
with a disability; the printing is done 
by the volunteer or rarely the person 
with a disability. However, this model 
excludes many potential AT users who 
may not have access to maker technol-
ogies or a skilled volunteer.

Instead, with improved under-
standing of the stakeholders in the 
traditional healthcare system, people 
with disabilities could access custom-
ized AT through healthcare providers, 
assuming an effective infrastructure 
is in place. This raises new questions: 
Which types of clinicians should use 
3D printing? What educational re-
sources need to be available to cli-
nicians to start fabricating? Should 
clinicians run the printers? Perhaps 
fabrication technicians, situated in 
a pharmacy setting, should fill AT 
“prescriptions” instead. Alternatively, 
should medical maker spaces be built 
into clinics and hospitals?

As the demand for 3D-printed AT 
grows, so does the potential to create 
new technical jobs in digital fabrica-
tion design and fabrication. Given 
the wide scope of design tools, 3D-
printer technologies, and materials 
there are opportunities for high-tech 
careers and many entry-level techni-
cal jobs. We think a sustainable and 
cost-effective solution for the de-

example, MakerNurseb is an organi-
zation that supports nurses who fab-
ricate technology to improve patient 
care. Similarly, the U.S. Veteran’s Ad-
ministration (VA) has been fostering 
multiple internal efforts to use 3D-
printing technologies.c

It is unclear whether the current 
state of consumer-grade fabrication is 
fit to meet the needs of these new clini-
cal stakeholders. Perhaps more impor-
tantly, we do not know exactly what the 
needs of these stakeholders will be. 
More research into a culture of medi-
cal making is needed, beginning with 
studies of existing clinical practice and 
the perspectives of those clinicians. Re-
search should focus on understanding 
existing clinical practice around “mak-
ing,” how this is currently taught, and 
the perspectives of clinicians toward 
digital fabrication tools.

Abandonment and adoption. Aban-
donment rates for assistive technol-
ogy are very high.19 Consumer-grade 
fabrication technologies may reduce 
AT abandonment. Hurst and Tobias19 
note that AT users find it empowering 
to create their own AT, which makes 
them more likely to continue using 
it. However, communities such as e-
NABLE that are deploying 3D-printed 
assistive technology lack sufficient in-
formation. It is unclear whether or not 
the devices produced by e-NABLE meet 
U.S. medical device standards.3

Perhaps one AT issue with long-
term success is that its creation is not 
a complete solution to any problem. 
Things break and needs change, yet 
follow up is not baked into the system 
when we leave the clinic. Worse, vol-
unteers may move on, or otherwise be 
unavailable when follow up is request-
ed. To better understand these chal-
lenges, we are interviewing e-NABLE 
device recipients about topics such as 
knowledge transfer across volunteers. 
We predict that careful documentation 
and knowledge transfer will continue 
to be a challenge in volunteer commu-
nities and may also be a challenge for 
clinics and clinicians who experience 
high turnover or limited availability. 

One advantage of 3D-printed AT is 
the potential to support a more data-
driven process than traditional assis-

b http://makernurse.com/
c https://www.innovation.va.gov/

One advantage of 
3D-printed AT is  
the potential to 
support a more 
data-driven 
process than 
traditional assistive 
technology. 
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ployment of 3D-printed AT may be to 
outsource the fabrication. In our re-
search with physical therapy graduate 
students (Figure 13), the 3D scanning 
and printing was performed by local 
high school students who were work-
ing in a nearby 3D print shop.11,17 In 
addition to efficiently fabricating the 
assistive technologies, this was a valu-
able and meaningful experience for 
these young adults who were working 
in their first technical job.

Conclusion
The promise of 3D printing and other 
digital fabrication technology lies in 
its ability to create custom, relevant 
solutions to real-world problems. The 
ability to produce customized objects 
offers transformative potential for 
new assistive technology that must be 
customized to meet an individual’s 
current abilities. In order to reach this 
potential we must create powerful, flex-
ible, and inclusive design tools. When 
these tools meet the needs of the va-
riety of stakeholders impacted by the 
production of assistive technology, we 
will have the potential to empower and 
increase participation for all. 

References
1. Ames, M.G., Bardzell, J., Bardzell, S., Lindtner, 

S., Mellis, D.A., and Rosner, D.K. Making cultures: 
Empowerment, participation, and democracy–Or not? 
In CHI’14 Extended Abstracts on Human Factors in 
Computing Systems. pages 1087–1092. ACM, 2014.

2. Baldwin, M.S., Hayes, G.R., Haimson, O.L., Mankoff, J., 
and Hudson, S.E. The tangible desktop: A multimodal 
approach to nonvisual computing. ACM Trans. 
Accessible Computing 10, 3 (2017), 9.

3. Bennett, C.L., Cen, K., Steele, K.M., and Rosner, 
D.K. An intimate laboratory? Prostheses as a tool 
for experimenting with identity and normalcy. 
In Proceedings of the 2016 CHI Conference on 
Human Factors in Computing Systems. ACM, 2016, 
1745–1756.

4. Bigham, J.P., Cavender, A.C., Brudvik, J.T., Wobbrock, 
J.O., and Ladner, R.E. WebinSitu: A comparative 
analysis of blind and sighted browsing behavior. In 
Proceedings of the 9th Intern. ACM SIGACCESS 
Conference on Computers and Accessibility. ACM, 
2007, 51–58. 

5. Buehler, E., Branham, S., Ali, A., Chang, J.J., Hofmann, 
M.K., Hurst, A., and Kane, S.K. Sharing is caring: 
Assistive technology designs on Thingiverse. In 
Proceedings of the 33rd Annual ACM Conf. on Human 
Factors in Computing Systems. ACM, 2015, 525–534.

6. Buehler, E., Comrie, N., Hofmann, M., McDonald, S., and 
Hurst, A. Investigating the implications of 3D printing 
in special education. ACM Trans. Access. Comput. 8, 3 
(Mar. 2016), 11:1–11:28.

7. Buehler, E., Kane, S.K., and Hurst, A. ABC and 3D: 
Opportunities and obstacles to 3D printing in special 
education environments. In Proceedings of the 
16th Intern. ACM SIGACCESS Conf. Computers & 
Accessibility. ACM, 2014, 107–114, 

8. Chen, X., Coros, S., Mankoff, J., and Hudson, S.E. 
Encore: 3D printed augmentation of everyday objects 
with printed-over, affixed and interlocked attachments. 
In Proceedings of the 28th Annual ACM Symp. User 
Interface Software & Technology. ACM, 2015, 73–82.

9. Chen, X., Kim, J., Mankoff, J., Grossman, T., Coros, S., 
and Hudson, S.E. Reprise: A design tool for specifying, 
generating, and customizing 3D printable adaptations 

on everyday objects. In Proceedings of the 29th Annual 
Symp. User Interface Software and Technology. ACM, 
2016, 29–39.

10. Persons with a Disability: Labor Force Characteristics— 
2016. News Release USDL-17-0857. U.S. Department 
of Labor: Bureau of Labor Statistics. June 2017.

11. Easley, W., Hamidi, F., Lutters, W.G., and Hurst, 
A. Shifting expectations: Understanding youth 
employees’ handoffs in a 3D print shop. In 
Proceedings of ACM Hum.-Comput. Interact. (CSCW). 
Nov. 2018, 47:1–47:23.

12. Guo, A., Kim, J., Chen, X., Yeh, T., Hudson, S.E., 
Mankoff, J., and Bigham, J.P. Facade: Auto-generating 
tactile interfaces to appliances. In Proceedings of the 
2017 Conf. Human Factors in Computing Systems. 
ACM, 2017, 5826–5838.

13. Hofmann, M., Burke, J., Pearlman, J., Fiedler, G., 
Hess, A., Schull, J., Hudson, S.E., and Mankoff, 
J. Clinical and maker perspectives on the design 
of assistive technology with rapid prototyping 
technologies. In Proceedings of the 18th Intern. ACM 
SIGACCESS Conf. Computers and Accessibility. 
ACM, 2016, 251–256.

14. Hofmann, M., Hann, G., Hudson, S.E., and Mankoff, J. 
Greater than the sum of its PARTs: Expressing and 
reusing design intent in 3D models. In Proceedings of 
the 2018 Conf. Human Factors in Computing Systems. 
ACM, 2018, 301:1–301:12.

15. Hofmann, M., Harris, J., Hudson, S.E., and Mankoff, 
J. Helping hands: Requirements for a prototyping 
methodology for upper-limb prosthetics users. In 
Proceedings of the 2016 Conf. Human Factors in 
Computing Systems. ACM, 2016, 1769–1780.

16. Hudson, S.E. Printing teddy bears: A technique for 3D 
printing of soft interactive objects. In Proceedings of 
the Conf. Human Factors in Computing Systems. ACM, 
2014, 459–468.

17. Hurst, A., Grimes, S., McCoy, D., Carter, N., Easley, 
W., Hamidi, F., and Salib, G. Lessons learned 
creating youth jobs in an afterschool maker space. 
In Proceedings of the 2017 ASEE Annual Conf. & 
Exposition. (Columbus, OH, June 2017). 

18. Hurst, A. and Kane, S. Making ‘making’ accessible. 
In Proceedings of the 12th Intern. Conf. Interaction 
Design and Children. ACM, 2013, 635–638.

19. Hurst, A. and Tobias, j. Empowering individuals with 
do-it-yourself assistive technology. In Proceedings of 
the 13th Intern. ACM SIGACCESS Conf. Computers 
and Accessibility. ACM, 2011, 11–18. 

20. Iyer, V., Chan, J., Culhane, I., Mankoff, J., and 
Gollakota, S. Wireless analytics for 3D printed objects. 
In Proceedings of the 31st Annual ACM Symp. User 
Interface Software and Technology. ACM, 2018, 
141–152. 

21. Jones, M.D., Seppi, K., and Olsen, D.R. What you sculpt 
is what you get: Modeling physical interactive devices 
with clay and 3D printed widgets. In Proceedings of 
the 2016 Conf. Human Factors in Computing Systems. 
ACM, 2016, 876–886.

22. Kane, S.K., Morris, M.R., Perkins, A.Z., Wigdor, D., 
Ladner, R.E., and Wobbrock, J.O. Access overlays: 
improving non-visual access to large touch screens 
for blind users. In Proceedings of the 24th Annual ACM 
Symp. User Interface Software and Technology. ACM, 
2011, 273–282.

23. Kim, J., Guo, A., Yeh, T., Hudson, S.E., and Mankoff, 
J. Understanding uncertainty in measurement and 
accommodating its impact in 3D modeling and 
printing. In Proceedings of the 2017 Conf. Designing 
Interactive Systems. ACM, 2017, 1067–1078.

24. Koyama, Y., Sueda, S., Steinhardt, E., Igarashi, 
T., Shamir, A., and Matusik, W. Autoconnect: 
Computational design of 3D-printable connectors. 
ACM Trans. Graphics 34, 6 (2015), 231.

25. Lindtner, S., Bardzell, S., and Bardzell, J. 
Reconstituting the utopian vision of making: HCI after 
technosolutionism. In Proceedings of the 2016 Conf. 
Human Factors in Computing Systems. ACM 2016, 
1390–1402.

26. McCann, J., Albaugh, L., Narayanan, V., Grow, A., 
Matusik, W., Mankoff, J., and Hodgins, J. A compiler 
for 3D machine knitting. ACM Trans. Graphics 35, 4 
(2016), 49.

27. McDonald, S., Comrie, N., Buehler, E., Carter, N., 
Dubin, B., Gordes, K., McCombe-Waller, S., and Hurst, 
A. Uncovering challenges and opportunities for 3D 
printing assistive technology with physical therapists. 
In Proceedings of the 18th Intern. ACM SIGACCESS 
Conf. Computers and Accessibility. ACM, 2016, 
131–139.

28. Mueller, S., Mohr, T., Guenther, K., Frohnhofen, J., 

and Baudisch, P. Fabrickation: Fast 3D printing of 
functional objects by integrating construction kit 
building blocks. In Proceedings of the 32nd Annual 
ACM Conf. Human Factors in Computing Systems. 
ACM, 2014, 3827–3834.

29. Oehlberg, L., Willett, W., and Mackay, W.E. Patterns 
of physical design remixing in online maker 
communities. In Proceedings of the 33rd Annual 
ACM Conf. Human Factors in Computing Systems. 
ACM, 2015, 639–648.

30. Parry-Hill, J., Shih, P.C., Mankoff, J., and Ashbrook, D. 
Understanding volunteer AT fabricators: Opportunities 
and challenges in DIY-AT for others in e-NABLE. 
In Proceedings of the 2017 Conf. Human Factors in 
Computing Systems. ACM, 2017, 6184–6194.

31. Peng, H., Mankoff, J., Hudson, S.E., and McCann, 
J. A layered fabric 3D printer for soft interactive 
objects. In Proceedings of the 33rd Annual ACM Conf. 
Human Factors in Computing Systems. ACM, 2015, 
1789–1798.

32. Ramakers, R., Anderson, F., Grossman, T., and 
Fitzmaurice, G. Retrofab: A design tool for retrofitting 
physical interfaces using actuators, sensors and 3D 
printing. In Proceedings of the 2016 Conf. Human 
Factors in Computing Systems. ACM, 2016, 409–419.

33. Rivera, M.L., Moukperian, M., Ashbrook, D., Mankoff, J., 
and Hudson, S.E. Stretching the bounds of 3D printing 
with embedded textiles. In Proceedings of the 2017 
Conf. Human Factors in Computing System. ACM, 
2017, 497–508.

34. Robitaille, S. The Illustrated Guide to Assistive 
Technology and Devices: Tools and Gadgets for Living 
Independently: Easyread Super Large 18-pt Edition. 
ReadHowYouWant.com, 2010.

35. Roumen, T.J., MÃjller, W., and Baudisch, P. Grafter: 
Remixing 3D-printed machines. In Proceedings of the 
2018 Conf. Human Factors in Computing Systems. 
ACM, 2018, 63:1–63:12.

36. Savage, V., Follmer, S., Li, J., and Hartmann, B. Makers’ 
marks: Physical markup for designing and fabricating 
functional objects. In Proceedings of the 28th Annual 
ACM Symp. User Interface Software & Technology. 
ACM, 2015, 103–108.

37. Shi, L., Zhao, Y., and Azenkot, S. Markit and Talkit: A 
low-barrier toolkit to augment 3D printed models with 
audio annotations. In Proceedings of the 30th Annual 
ACM Symp. User Interface Software and Technology. 
ACM, 2017, 493–506.

38. Stangl, A., Hsu, C.L., and Yeh, T. Transcribing across 
the senses: Community efforts to create 3D printable 
accessible tactile pictures for young children with 
visual impairments. In Proceedings of the 17th Intern. 
ACM SIGACCESS Conf. Computers & Accessibility. 
ACM, 2015, 127–137. 

39. Tanenbaum, J.G., Williams, A.M., Desjardins, A., and 
Tanenbaum, K. Democratizing technology: Pleasure, 
utility and expressiveness in DIY and maker practice. 
In Proceedings of the 2013 Conf. Human Factors in 
Computing Systems. ACM, 2013, 2603–2612.

40. Taylor, B., Dey, A., Siewiorek, D., and Smailagic, A. 
Customizable 3D printed tactile maps as interactive 
overlays. In Proceedings of the 18th Intern. ACM 
SIGACCESS Conf. Computers and Accessibility. ACM, 
2016, 71–79.

Lego Bricks® is a registered trademark.

Jennifer Mankoff is Richard E. Ladner Professor in the 
Paul G. Allen School of Computer Science and Engineering 
at the University of Washington, Seattle, USA.

Megan Hofmann is a Ph.D. student at Carnegie Mellon 
University’s HCI Institute, Pittsburgh, PA, USA.

Xiang ‘Anthony’ Chen is an assistant professor at the 
University of California, Los Angeles, CA, USA.

Scott E. Hudson is a professor at Carnegie Mellon 
University’s HCI Institute, Pittsburgh, PA, USA.

Amy Hurst is an associate professor of Human-Centered 
Computing at New York University, NY, USA.

Jeeeun Kim is is a Ph.D. student at the University of 
Colorado, Boulder, CO, USA.

© 2019 ACM 0001-0782/19/10 $15.00.


