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Figure 1: Using TacNote, BVI users can create tactile graphics and annotate everyday objects through our mobile app. First,
users create tactile graphics free-hand with a 3D printing pen. Next, they scan and annotate the created graphics by using our
camera-based app. Users can interact with physical labels via finger-pointing and navigate the hierarchical information in the
reading mode, which provides more details such as content, order, and relative orientation, all with audio feedback.

ABSTRACT

Blind and visually impaired (BVI) people primarily rely on non-
visual senses to interact with a physical environment. Doing so
requires a high cognitive load to perceive and memorize the pres-
ence of a large set of objects, such as at home or in a learning setting.
In this work, we explored opportunities to enable object-centric
note-taking by using a 3D printing pen for interactive, personalized
tactile annotations. We first identified the benefits and challenges
of self-created tactile graphics in a formative diary study. Then,
we developed TacNote, a system that enables BVI users to anno-
tate, explore, and memorize critical information associated with
everyday objects. Using TacNote, the users create tactile graph-
ics with a 3D printing pen and attach them to the target objects.
They capture and organize the physical labels by using TacNote’s
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camera-based mobile app. In addition, they can specify locations,
ordering, and hierarchy via finger-pointing interaction and receive
audio feedback. Our user study with ten BVI participants showed
that TacNote effectively alleviated the memory burden, offering a
promising solution for enhancing users’ access to information.
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1 INTRODUCTION

Visual sense is a primary perception for people with normal vi-
sion to quickly process complex information simultaneously [3, 12].
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However, BVI people must extensively rely on nonvisual senses, conducted a user study with ten BVI people. Through tasks and
such as verbal descriptions and tactile characteristics, to compre- semi-structured interviews, we con rmed the feasibility of TacNote,
hend the appearance, content, and spatial relationships of physical received feedback, and provided recommendations for future design
objects in an environment§]. This reliance on nonvisual cues  directions. In summary, we make the following contributions:

may be particularly challenging to BVI people when the diversity
of objects or non- xed positions increases because of relatively
higher cognitive demands, impacting the overall cognitive func-
tioning [14, 40, 53].

Prior studies have suggested that BVI people exhibit superior
tactile abilities relative to their sighted counterpart§%. They use
sequential memory and continuous tactile strategies to compensate
for the lack of visual information 9 39 53. However, they may
_e_ncounter signi cant c_ogr!ltlve burdens in navigating daily actl_v- 2 RELATED WORK
ities, from item organization to abstract concept understanding.

Therefore, BVI people utilize a variety of tools (e.g., rubber bands, Our work was based on prior art on the existing practices of how

stickers, and Braille) to create diverse tactile graphics and augment BV! people identify objects and the support of tactile graphic cre-
them to everyday items. These objects facilitate e cient identi ca- ~ ation. We drew inspiration from accessible design principles, cre-
tion and comprehension of information encountered through touch. ~ ative tools, and methods.

Studies have found that a high cognitive load and memorization are

required to identify such physical annotations from a long period

or tactile nuances [11, 53].

To support BVl users, researchers have proposed computer vision-
based solutions to enable real-time access to real-world information
through mobile camerasg 58 59. Recent studies have used 3D
printing technology to produce tactile graphics with greater vari-
ability for learning and recognition tasks43. For example, Pandey
et al. combined tactile graphics with audio instructions to enhance
a drawing process3g. Wang et al combined 3D printing objects
with voice broadcasts to provide spatial information in art muse-
ums [64. Laser-cutting technology can also be used to create tactile
graphics with audio feedbacldd. Users can further de ne the con-
tent by operating tactile graphics on paper with voice input§.

Finally, with the support from sighted people on pre-made tactile ) L

graphics and digital markings, several researchers have shown that Figure 2: TacNote focus: The rows indicate whether BVI or

BVI people increase their exploratiod 56. While these designs ~ Sighted people create the tactile graphics, and the columns

o er BVI people greater access to information and exploration op- indicate whether the content is customized. TacNote's main

tions, they often require assistance from sighted people on tactile [0CUS iS to support BVI people in creating and de ning their
own customized tactile graphics while o ering the capability

graphic creation. —eE
The advancement of 3D printing pens has enabled DIY com- [0 €o-work with sighted people.

munities to create three-dimensional objects with free-hand in-

teractions @7. Certain models have a low-temperature heated . .

tip, making them safe for children and average uset$][ This 2.1 Tactile-Based Assistance

introduces opportunities for BVI people to produce tactile graphics BVI people use various tools to incorporate tactile graphics onto

independently and safely. Given that there is limited research on objects, such as rubber bands, stickers, and braille labels, to dif-

the use of such tools in the BVI community, we rst conducted an  ferentiate between items or comprehend graphical information.

exploratory 15-day diary study with ve BVI people to understand  While rubber bands and stickers are low-cost and readily available,

how they would use a 3D printing pen and identify their questions  they are limited to graphic variability. In contrast, systematic ap-

on and needs related to tactile graphics. proaches such as Braille slates and styluses and Braille labelers
We then designed TacNote, an interactive system for BVI people can create tactile Braille label84], but they require pro ciency

to create tactile graphics with descriptive audio annotations viaa through learning. Toussaint and Tiger explained, According to the

mobile app, which enables non-visual access to physical objects. National Braille Press only 12% of legally blind people can read

Users can use our mobile app to scan the tactile graphics that Braille (...) 0. Goudiras et alreported that people who developed

they created and annotate or edit the content of the tactile marks visual impairment as younger adults or later in life tend to favor

associated with objects. They can interact with the tactile graphics screen readers or audio-recorded materials and therefore, are less

in real-time by using their ngertips to explore the location, order, likely to opt for Braille training [15].

and hierarchy of the annotated content with audio feedback from Previous research has utilized 3D printing technology to create

our app. To evaluate the usability and feasibility of TacNote, we 3D tactile graphics for visually impaired children's educatio?2q

A formative study that investigated practices and challenges for
BVI people with respect to the use of a 3D printing pen.

An interactive system that enables BVI users to create tactile
graphics, add audio annotations, and access audio feedback for
interacting with physical objects.

A user study with ten BVI users that demonstrated the bene ts
and opportunities of tactile and audio note-taking.
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and orientation training (including street33 and map recogni-
tion [27)). Guo et al investigated the creation of 3D printing inter-
faces via mobile devices and collaborative procesd&s However,
these methods are restricted to speci ¢ scenarios. There remains a
challenge to allow BVI people to personalize and swiftly generate
tactile graphics independently.

2.2 Audio-Based Assistance

Assistive technologies with voice input and audio feedback are
increasingly available on desktop and mobile devices. By using
screen readers, crowd-supported apps (e.g., Be My Eya3),[and
computer vision techniquesg 58 59, BVI users can receive real-
time or remote assistance with auditory descriptions, and further
interact with real-world interfaces such as a control panég 1§.
However, the absence of tactile feedback can result in a memory
burden for BVI people when repeatedly listening and processing
the auditory content.

2.3 Tactile and Audio Assistance

Pandey et al[3§ found that combining tactile graphics with audio
cues as a more e ective design for BVI people. Similar approaches
utilizing these elements have been employed for various purposes.
In this section, we classify the existing literature on tactile and audio
assistance into non-autonomous creation and autonomous creation.
Additionally, we explore the advancements in 3D fabrication.

2.3.1 Non-Autonomous Creation: Examples include using ca-
pacitive technology and 3D printing for map exploratio24], over-
laying 3D printing onto mobile device designs to assist with mobile
phone operation $7], and teaching circuits 10, 13 and electronic
diagrams P1]. Additionally, this design approach can be applied

UIST '23, October 29-November 1, 2023, San Francisco, CA, USA

ID | Gender | Age Occupation Vision Level

B1| Man 23 Legal Specialist Blind, later on
B2 | Woman | 22 Student Blind, later on
B3 | Woman | 52 Music teacher | Seriously low vision
B4 Man 45 | Braille proofreader Blind, later on
B5| Woman | 19 Student Blind, since birth

Table 1: Participant demographic of our formative study.

their scope of application is relatively speci c. To o er BVI peo-
ple more autonomy and interaction in their creation process, we
explored the alternatives among the existing creative tools.

2.3.3 3D Fabrication: 3D printing is a popular and e ective
method for a high degree-of-freedom design. However, it can be
di cult for BVI people to design and generate independently. As
an alternative, we prioritized the use of 3D printing pens, which are
similar to 3D printing in terms of high mobility and lower learning
costs. A majority of prior research on 3D printing pens has focused
on sighted people, such as to create small todl§ pr accelerate
the generation of 3D modelgi[f]. A few studies have observed how
BVI people used 3D printing pens for drawing$. There has been
little research on the interaction design of 3D printing pens for BVI
people. To enable BVI users to create and design for various needs,
itis critical to fully understand the bene ts and challenges by using
a 3D pen with assistive technologies.

We drew inspiration from these methods to combine 3D printing
pens and mobile assistive technologies, aiming to support BVI peo-
ple in creating custom symbols and content that they can review
and modify independently.

3 FORMATIVE STUDY
We conducted a formative study with ve BVI participants using

to spatial understanding scenarios, such as experience design for 5 5p printing pen. This study involved a tutorial, a 15-day diary,

layered oor plans in a museumd4. There are also methods to
combine with a camera, such as teaching designs that combine hand
recognition 43 or physical data visualizations3g, table game
designs #9 with augmented reality technology, and teaching aids
for custom content editing through voice command&q. These de-
sign methods provide BVI people versatile interaction experiences
for better understanding. However, most of these tactile artifacts
are limited to speci ¢ applications and can rarely be created by

BVI people themselves. They are mostly designed and produced by

sighted people prior to the interaction phase with BVI people.

and a semi-structured interview to explore their daily usage and
potential challenges.

3.1 Participants

We sent invitations through authors' connections and public recruit-
ment posts on social media. We recruited ve BVI people (two men
and three women), aged between 19 and 52 years old (mean=32.2).
Four of them were fully blind, while one had a severe low vision.
Of the four blind people, one was blind since birth, while the others
lost their vision later in life (see Table 1). None of them had prior

2.3.2 Autonomous Creation: There has been extensive research ~experience of using a 3D printing pen. We carefully selected indi-
on tools that enable BVI people to independently create tactile viduals with diverse professions and interests. This was to better
graphics and overcome authoring challenges. For instance, Li.et al understand the various ways in which 3D printing pens could be
utilized capsule paper and a mobile device with audio functional- Utilized by BVI people of di erent backgrounds. We refer to our
ity [ 30, whereas Li et al[31] developed a device involving tangible ~ BVI participants as B1-B5 in the following sections.

brackets on a baseboard. Both approaches aimed to empower vi- .

sually impaired individuals in creating website layouts for website  3-2 Material

design. Interactive tools with tactile feedback can assist BVI peo- We provided each participant with a toolkit consisting of a 3D

ple in creating images or drawings by using either a pin-matrix
display [7] or a 2.5D tactile shape displaytf]. Savage et a[42]
utilized a 3D printer to print raised lines of lament, creating large

printing pen, 144 plastic laments, 30 PVC plastic sheets, and a
charger (see Figure 3). The 3D printing pen used in this study was
3Doodler Start+ by WobbleWorksdl], which o ers a low-heat tip

tactile displays that enable BVI individuals to understand maps and and is wireless. These features make it suitable for BVI people to
interact with them. Although these designs are user-friendly and draw and create while touching it without the concern of burning
provide opportunities for self-directed creation and exploration, issues or being restricted by location. Due to the low-temperature
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Figure 3: Toolkit provided in our formative study, including a
3D printing pen with its compatible laments and a charger,
and PVC plastic sheets for object attachment.

nature of this 3D printing pen, it can easily detach from most
materials, which may not be ideal for BVI people to repeatedly
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TimeLine Prompt Type
Tutorial -
Day01-Day05 Unprompted
Day06-Day10 prompted (5 probe questions)
Dayl1-Dayl5 Unprompted
Semi-structured interviewsg -

Table 2: Timeline of 15-day formative study, including a tu-
torial, prompted and unprompted activities, and interviews.

task and adequate responses to any inquiries or feedback related to
their artistic output.

Finally, we conducted semi-structured interviews with each par-
ticipant after their 15-day diary study. These interviews allowed
us to gain deeper insights into their creative process, potential ap-
plications, and the issues that they sought to address using the 3D
printing pen.

3.4 Findings

explore and draw. Therefore, we selected PVC plastic sheets that Our formative study yielded three primary ndings based on the

securely adhere to the 3D printing pen, allowing BVI people to
explore and draw as desired without detachment concerns.

3.3 Procedure

To better understand where BVI people would like to apply 3D
printing pens in their daily lives, we referred to previous studies
and recorded the users' design process through a diary 2§ [
27, 44. We designed a study that included a tutorial, a 15-day
diary study, and semi-structured interviews. Our study began with
a semi-structured introduction session to assess the participants'
prior knowledge of tactile graphics and their familiarity with a 3D
printing pen. Through the tutorial, we instructed the participants
on the basic usage of the 3D pen without 2D graphics or prede ned
drawings and encouraged them to explore and use a 3D printing
pen e ectively for the subsequent 15-day diary study.

In our 15-day study, the participants conducted prompted and
unprompted activities (see Table 2) using the 3D printing pen in fa-
miliar settings, such as their homes and schools. The initial ve-day
period was designated for unprompted activities, wherein the par-
ticipants were free to select any design subject and conceptualize
ideas. Next, the latter ve-day period (Day 6 to 10) was designated
as prompted activities. We provided ve prompts on the organi-
zation and categorization of similar items, guidance, additional
functions with technology, learning and teaching, and gaming and
entertainment. The participants received the ve prompts on Day
6 and were required to create and record their works the basis of
on the provided prompts for the remainder of the ve-day period.
In the nal ve days, the participants resumed the unprompted
activities of the initial period, enabling them to freely generate and
record their creative ideas.

During this 15-day period, the participants were asked to pro-
duce at least one artwork by their 3D printing pen per day, with
no upper limit imposed. The participants were required to record
their creative motivation, location, and problem-solving strategies
and transmit this information to the researchers via social media or
email. Consistent reminders were issued to participants the through-
out the 15-day study period to ensure the timely completion of the

participants' feedback, including an evaluation of the advantages
of the 3D printing pen, an analysis of the common scenarios based
on the submitted works, and recommendations for enhancing the
current technology of the 3D pen.

3.4.1 Benefits of a 3D printing pen.  During the interview pro-
cess, the participants noted that the absence of tactile graphics
when attempting to comprehend two-dimensional objects places
an extra burden on their e ort and memory. Because of the high
complexity of these objects, they often give up on understanding
and learning. However, with the aid of a 3D printing pen, abstract
graphics or symbols could be quickly transformed into 3D models,
simplifying intricate content and facilitating comprehension. This
allowed them to comprehend areas that they might not typically
encounter, such as mathematics or complex rule-based card games.
Moreover, the participants noted that a 3D printing pen was a
more e cient tool for creating tactile graphics than other methods
(hot-melt pens, Braille stickers, rubber bands, etc.). B1 mentioned
that it is faster and more convenient, with a more accurate output,
achieving a completion rate of at least 70 perd@tpointed out
that a 3D printing pen can easily depict symbols that are di cult
to describe with word$34 stated that 3D printing pens are more
exible and convenient than Braille printers, which were large, ex-
pensive.B4 also noted that no matter how the text looks like, it
can be recognized as long as it's written by oneadtitionally, B5
noted that symbols produced using 3D printing pens are waterproof,
and the tool is easy to carrverall, all ve participants expressed
positive feedback on the 3D printing pen, highlighting its ability to
rapidly create tactile graphics, portability, and accessibility.

3.4.2 Common applications of a 3D printing pen.  During
the 15-day diary study, we collected a total of 69 works from the
ve participants. We identi ed four categories: (13imilar item
discrimination (2)cmprehension of graphj¢8)planar characters
transformed into 3Pand (4) others (see Figure 4).

The 'Similar Item Discrimination " category aimed to enhance
the participants' ability to recognize objects that are di cult to iden-
tify on the basis of appearance alone. Among the 69 submissions,
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Figure 4: Collection of works from the participant's 15-days
test. Divided into four categories and others, from top to bot-
tom: Similar Item Discrimination, Comprehension of Graph-

ics, Planar Characters Transformed into 3D, and Others.

27 were related to the discrimination of similar items, including
toiletries, medication, remote control buttons, switches, and paper
documents. All ve participants mentioned this category, and every
submission included at least three related items, indicating that
it is a prevalent application scenario. B2 pointed out thathile
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cards. By incorporating 3D touch, these works provided more in-
formation and convenience for BVI people, enabling them to better
integrate into society.

Finally, some works could not be classi ed into the aforemen-
tioned four categories, such as handicrafts (e.g., rings and hooks)
or measuring banknotes.

3.4.3 Desired feature enhancements. After conducting semi-
structured interviews, we found that the participants encountered
some unresolved issues while using the 3D printing pen to solve
contextual problems. B1 mentionethe need for a recording system
that could edit and de ne forgotten markingshile B2 reported
desired meaningful markings that were less likely to be forgotten and
required a legend for numerous or complex objB&gointed out
the 3D printing pen's limitations in recording too much content due
to the volume of the objecnd B4 noted that the usage frequency
and order of medication could be challenging to remenilier.
participants wanted to further de ne and edit the symbols' content
rather than merely marking them. In addition, B2 and B5 hoped
for an audio prompt for battery and pen status changes, while B1
and B3 mentioned thatsome materials might cause di culty in
adhering to the 3D printing material.

Overall, the participants gave positive feedback on the use of
the 3D printing pen and expressed a desire to add more assistive

some systems can recognize the text on a bottle or package, there dgatures to the tactile graphics that they created. They hoped that
instances where they do not want to listen to a lot of information and the system would o er more comprehensive labeling and recording

just want to know what the item i883 said that because everyone

capabilities, reducing the burden of these activities in their current

categorizes items di erently, not everyone will use containers withcontexts. Consequently, we identi ed the necessary features and
di erent shapes to classify them, making 3D printing pens a suitable design space and proposed TacNote.
tool for labeling and categorizing according to personal preferences.

The participants emphasized the need for quick identi cation and
personalized categorization, which 3D printing pens could facilitate.
The "Comprehension of Graphics " category includes 18 of 69

works that are speci cally designed to aid in educational settings
and promote spatial understanding. These works consist of various
graphical representations such as charts, line graphs, mathematical
symbols, fonts, and other visual aids that facilitate the recognition

of symbols and abstract concepts. The category also includes indi-

vidual drawing exercises. Interestingly, three out of ve participants
emphasized the importance of spatial understanding, particularly
for directional training and constructing mental maps to help BVI
people understand spatial con gurations more e ectively. For in-

4 TACNOTE

TacNote is a fully customizable tactile note-taking and interactive
mobile system specially designed for BVI people. It consists of two
main components: (1) a mobile web application with an accessible
front-end design for screen reader access, and (2) a 3D printing
pen for creating physical tactile graphics. Figure 5 shows the user
work ow using TacNote.

4.1 Mobile web application

TacNote o ers a mobile web app to scan and interact with the tactile
graphics. Our front-end interface design prioritizes simplicity for

stance, B1 stressethe need for sighted people to create maps of accessibility and ease of use for BVI people. Users interact with

unfamiliar surroundings to provide BVI people with a preliminary
understanding before exploring2 suggested thata 3D printing
pen could be an excellent tool for quickly creating drawikigse-
over, B3 pointed out thatBVI people have a keen interest in knowing
the spatial location of buildings and require simpli ed maps of trans-
portation routesThe category's focus on comprehending graphics
highlights the importance of visual aids in enhancing educational
experiences and improving spatial understanding for individuals
with di erent abilities.

The 'Planar Characters Transformed into 3D " category con-
sisted of 16 works that added meaningful symbolic content to sur-
faces that are traditionally di cult for BVI people to understand

TacNote by using two modes: the Create Note and the Read
Note modes (see Figure 5 top and bottom, respectively). Our user
ow includes four primary functions: (i)Capturing imagesvhere
users can take by photos using the rear camera, and the backend
processes the image to extract the location of tactile graphics: (ii)
Selecting symbolehere users can choose physical tactile symbols
via the rear camera with real-time sound feedback and selection
when the index nger overlaps with a symbol: (iiilnputting custom
data where users can record hierarchy information, order numbers,
and choose whether to generate relative positions between symbols
by using voice or text input; and (iviReading custom datashere

the system divides the hierarchy data into two parts for display:

and use, such as scales on microwaves, button functions on washing the top layer data (as title) are played and displayed via voice when
machines, expiration dates on packaging, and numerals on game the user selects the symbol, and the secondary data (as content),
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