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Pinpointing elements on large tactile surfaces is challenging for individuals with
blindness and visual impairment (BVI) seeking to access two-dimensional (2D)
information. This is particularly evident when using 2D tactile readers, devices
designed to provide 2D information using static tactile representations with
audio explanations. Traditional pinpointing methods, such as sighted
assistance and trial-and-error, are limited and inefficient, while alternative
pinpointing user interfaces (Ul) are still emerging and need advancement. To
address these limitations, we develop three distinct navigation Uls using a
user-centred design approach: Sonar (proximity-radar sonification), Voice
(direct clock-system speech instructions), and Sonoice, a new method that
combines elements of both. The navigation Uls were incorporated into the
Tactonom Reader device to conduct a trial study with ten BVI participants.
Our Uls exhibited superior performance and higher user satisfaction than the
conventional trial-and-error approach, showcasing scalability to varied
assistive technology and their effectiveness regardless of graphic complexity.
The innovative Sonoice approach achieved the highest efficiency in
pinpointing elements, but user satisfaction was highest with the Sonar
approach. Surprisingly, participant preferences varied and did not always align
with their most effective strategy, underscoring the importance of
accommodating individual user preferences and contextual factors when
choosing between the three Uls. While more extensive training may reveal
further differences between these Uls, our results emphasise the significance
of offering diverse options to meet user needs. Altogether, the results provide
valuable insights for improving the functionality of 2D tactile readers, thereby
contributing to the future development of accessible technology.
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1 Introduction

Two-dimensional (2D) and graphical data are an integral part
of our daily lives, starting from our early education years, where we
explore educational graphics, to complex visualisations like neural
network architectures. However, individuals with blindness or
visual impairment (BVI) face significant challenges in accessing
and comprehending this visual information. While current
assistive technology offers solutions for accessing simple text-
based content through screen reader software and single-line
braille readers, the accessibility of graphical information remains
limited. Graphical elements such as images, graphs, tables, flow
charts, formulas, web pages, and floor plans pose significant
barriers for individuals with BVI. While tactile printed graphics
combined with audio descriptions have been employed, they fall
short when presented with complex graphical data that involves
numerous elements or dynamic real-time interactions.
Addressing these limitations is crucial to fostering equal access
and promoting inclusiveness for individuals with BVI in our
increasingly visual society.

Emerging technologies have made significant strides in
addressing the challenge of providing access to 2D information for
individuals with visual impairments (BVI). Tactile graphic readers,
coupled with 2D pin-matrix displays, have emerged as promising
solutions. Tactile graphic readers integrate tactile information
through swell and braille paper with audio feedback, allowing for
a dynamic representation of information. In contrast, 2D pin-
matrix braille readers combine audio feedback with a grid of
refreshable tactile pins distributed over a two-dimensional surface.
These

particularly in developing mechanisms for raising and lowering

technologies have garnered considerable attention,
tactile pins (1, 2). However, despite these advancements, there are
still numerous obstacles and user interface challenges to overcome,
such as the Midas touch effect, information overload, and audio-
tactile synthesis representation (3-7). These challenges highlight
the ongoing need for dedicated research and development in
audio-tactile user interfaces, aiming to enhance the accessibility of
2D information for individuals with BVI.

The pursuit of optimal user interfaces for tactile graphics readers
is confronted with a range of intricate and intriguing challenges.
Such a significant challenge is assisting individuals with BVI in
pinpointing elements on 2D tactile surfaces. This task is of great
importance as it allows users to find the starting position of a
graphic or engage in focused exploration by locating specific
elements or areas within the graphic. However, the task becomes
notably demanding when employing audio-tactile user interfaces
with large surface sizes. The broader range of possible fingertip
positions on these expansive surfaces makes it more challenging
for users to pinpoint desired positions and elements precisely.
Traditionally, users have relied on the assistance of sighted
individuals who guide their fingertips to the desired positions on
the tactile surface. However, this approach diminishes the
independence of using the technology autonomously. Without
sighted assistance, users often resort to the trial-and-error method,
consisting of exploring each element individually through tactile
textures and audio descriptions. While this strategy fosters free

Frontiers in Rehabilitation Sciences

10.3389/fresc.2024.1368983

exploration and user autonomy, it becomes difficult to apply in
scenarios involving complex graphics with a large number of
elements. In such cases, locating a specific element or detail within
the information cluster requires significant time and effort, ceasing
efficient information retrieval.

Extensive research has delved into diverse methods aiding
individuals with BVI in pinpointing elements on tactile surfaces.
Beyond the approach,
sonification, speech, and haptic feedback. We conducted an in-

trial-and-error these encompass
depth literature review to understand how individuals with BVI
have employed these methods and to explore their main
advantages and applications. Since tactile graphic readers are still
emerging with limited contributions, our analysis extends to
encompass all technologies that deliver graphical information to

people with BVIL.

1.1 Trial and error

Arguably, the trial-and-error strategy is the most common
method for people with BVI to locate elements on tactile
surfaces. Users explore graphic elements individually until they
find the desired element, building a mental representation of the
content. On touch screens, users explore elements through
speech descriptions (8, 9) or vibration feedback (10). In 2D
tactile readers and 3D models, users explore through audio
descriptions and braille labels (11-21). This approach supports
free exploration but lacks guidance for locating all elements.
People with BVI have highlighted the need for an assistive
interface to pinpoint elements on tactile surfaces (9, 20-24).

1.2 Sonification based

A sonification-based user interface uses sound processing,
including tone frequency and gain changes, to guide users to a
specific location on a 2D plan. Inspired by the typical car
parking aid, one strategy is to use one fixed background sound
and increase its frequency as the user gets closer to the target
(25). This technology is familiar to users with BVI since it is
used in other aid technologies (26, 27) including pinpointing a
target rotation direction (28, 29), aiming a camera to the correct
angle (30) or for learning line shapes (31). Some strategies use
different sounds to map the X and Y axis positions (23). Similar
to the car parking aid, the closer the user gets to the correct X
or Y position of the target, the higher the frequency of the sound
mapped to that axis. While this strategy has the potential to give
more details about the target location, it requires that users move
their hands in a straight line through the axis, which is a difficult
task for people with BVI (22). It is also a common sonification-
based strategy in assistive technology for the BVI to create a
background that delineates the exact x and y position of the user
(32). This aid does not directly guide the user to one element
but helps contextualise the user’s current position. Another
strategy is to associate a sound with each element on a graphic.
The audio is played when the user approaches one of the
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elements. This approach can also be used with 3D spatial audio,
substantially increasing the perception of closer elements (33).
Nevertheless, for graphics with many details, the user would be
from several elements,

overloaded with multiple sounds

rendering this approach unreliable for complex graphics.

1.3 Speech based

Speech-based strategies use speech instructions such as the
cardinal directions or the clock system to guide the user’s hand to
a specific position on the tactile surface. Cardinal directions speech
strategy uses (top, bottom, left, and right) instructions to guide
people with BVI to a specific position on large 2D surfaces. This
strategy has been used in touch screens and tactile graphic readers
(22, 34), but it is also common in other technological contexts
(24, 30, 35, 36). More refined approaches extend beyond
directional cues, incorporating proximity feedback through volume
adjustment (22) or subtle modifications to speech instructions,
such as using “go a little left” instead of “go left” when the user is
close in proximity (21). The clock direction system is an
alternative to the cardinal system (3 o’clock, 6 o’clock, 9 o’clock and
12 o’clock). Some interfaces extend beyond the typical 4-directions
to utilise a 12-direction system, providing superior precision in
directional guidance, as successfully implemented in technologies
such as BlindSquare (37). In (38), the authors concluded that BVI
people prefer the clock system to voice instructions when locating
elements in indoor floor plans. For others, it is a matter of
personalising (39, 40). Some users prefer a clock system, while
others prefer voice instructions of the cardinal directions, as some
prefer faster and others prefer regular text-to-speech audio speeds
(27). Nevertheless, clock system interfaces are common in assistive
technology for BVI users (41). Previous research has shown that
voice guidance helps BVI people pinpoint and target elements
effectively. However, users revealed dissatisfaction with the
repetitive and potentially irritating nature of using voice-based
feedback (22, 24, 35, 38, 39).

1.4 Haptic based

Beyond audio-based strategies, some have used haptic feedback
to assist people with BVI in pinpointing elements in tactile
additional
wearable tools, and representation changes on the tactile surface.

surfaces, including extra markers and cutouts,
Additional hardware like 3D-printed textural overlays provides
quick access but requires replacement if elements move (42).
Dynamic magnetic markers offer guidance but lack precision
(43). The HyperBraille project’s pin-blinking UI highlights
elements but needs a high refresh rate not supported by most 2D
pin-matrix readers (44-47). These methods facilitate pinpointing
but do not wholly guide the user’s fingertip to the target
position. Hand-wearable interfaces offer haptic feedback but
negatively  affect haptic and restrict tactile
contextualisation (48-53). Movable guide sliders like the Graille
2D braille display offer precise positioning but limit tactile

sensitivity
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interaction due to single-finger use (54). 2D refreshable pin-
matrix displays, such as those from the HyperBraille project,
provide zooming-panning operations that facilitate the location
of elements but do not fully guide the user’s finger to the target
element (55, 56).
wearable interfaces to assist people with BVI in pinpointing

Overall, using additional hardware and

elements on tactile graphics is not a scalable strategy, working
exclusively on the devices that implement each additional
hardware. For this reason, we did not develop a solution of this
kind in this paper since we were looking for a solution that
could be extendable to a more extensive set of technologies
(tactile graphic readers, touchscreens, and 2D pin-matrix displays).

Despite the significant number of approaches developed thus far,
a standardised solution for pinpointing elements in 2D tactile
graphic readers has yet to be established. A sound-based approach
seems to be the best option for effective and scalable use in this
family of assistive technology. Past research (22) has revealed that
a Voice-based is more efficient and effective in assisting users in
pinpointing elements in tactile graphics readers. Still, sonification
solutions have been considered beneficial in other applications for
BVI (29, 57-60). Moreover, combining the advantages of the two
approaches is possible, potentially leading to performance benefits.
By addressing these issues, the current study aims to contribute to
the ongoing discussion on which sound-based approach is the
most efficient for pinpointing elements of 2D data.

In this investigation, we address the limitation of element
pinpointing within tactile graphics and further investigate
potential solutions through a user-centred design approach,
closely collaborating with BVI employees from Inventivio GmbH.
This collaboration effort led to the development of three unique
navigation user interfaces, with two adopting state-of-the-art
approaches (Sonar and Voice) and introducing an entirely novel
approach (Sonoice). Sonar UI is based on proximity-radar
sonification navigation, the Voice UI utilises direct speech
instructions with clock-system commands, and the Sonoice UI
combines sonification with voice feedback. These Uls were
carefully designed to improve the accuracy and efficiency of
pinpointing elements, specifically tailored to meet the needs of
individuals with BVI. The design choices were based on the
widespread adoption of sonification and speech-based Uls in
assistive technology, facilitating enhanced access to tactile
graphics as supported by relevant studies (9, 22, 34, 50, 61, 62).

Building upon this foundation, our study conducted a
comprehensive comparison of the new Sonoice UI with two other
previously established audio-based UIs (Sonar and Voice) and the
trial-and-error strategy, serving as the baseline benchmark. The
Sonoice UT strategy could have been expected to be the most
efficient and satisfying method overall as it aims to combine the
advantages of the Voice and Sonar Uls. Although the primary
objective is the performance of the Sonoice Ul we keep the
analysis open and unbiased, i.., perform a general comparison of
all strategies. Thus, we investigate whether these Uls could surpass
the trial-and-error approach in effectively guiding users to their
desired location. By pursuing this line of inquiry, we aimed to gain
invaluable insights into the impact of all user interface strategies,
whether they would be more effective in guiding the user to the
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target location, and recognise the potential complexities that could
arise from integrating multiple signals.

2 Materials and methods
2.1 Participants

The study involved ten participants, four females and six males,
who were visually impaired or blind. Participants were recruited
from Osnabriick city and its surrounding metropolitan region in
north-western Germany. The recruitment process involved close
collaboration with the local Lower Saxony blind association BVN,
which included distributing accessible documents and featuring an
audio segment about our study in their newsletter. Interested
individuals who responded to the segment via email were then
sent additional information and subsequently participated in the
study. Only those who reported a medical diagnosis of visual
impairment or blindness were included in the study, as we did not
measure visual acuity directly. The University of Osnabriick ethics
committee approved the study protocol before recruitment, and
informed consent was obtained from all participants after they
were briefed about the study’s nature.

While the number of participants does not yet allow for a
rigorous statistical analysis of visual impairment subgroups, we
have categorised and recorded the results at this level to enable
future meta-analyses incorporating data from diverse studies.
Based on self-reports, two participants were grouped as
congenitally blind (CB), five as late blind (LB), and three as
visually impaired (VI) (see Table 1).

Exclusion criteria involved age (under 18), current or past
substance abuse, and medical abnormalities that could interfere
with the aim of the study, such as those impacting cognitive
functions, the sense of touch, hearing or communication disorders,
or the motor system. The inclusion criteria for the study involved
participants with either an English or German language
background. Study materials were provided in both languages as
accessible documents or audio recordings. Additionally, none of
the participants had hearing or communication disorders.

Due to their “low representation in the general population and
mobility difficulties” (64), recruiting participants with BVI for user
studies can be a challenging task (33, 58, 65-68). As a result, the

TABLE 1 Demographic Data of Participants (P1-P10).

10.3389/fresc.2024.1368983

number of BVI participants in this study was relatively small.
However, involving users and conducting multiple usability tests
to follow a user-centred design methodology is crucial. While the
small sample size is a limitation, it marks a positive step forward,
paving the way for more extensive studies in the future.

2.2 Materials

The developed pinpoint strategies were tested and
implemented on the Tactonom Reader (Inventivio GmbH) (69),
a 5.3 kg tactile graphic reader with a 29 cm by 43 cm magnetic
metallic surface (Figure 1). This device integrates tactile graphics
(swell or braille paper) with audio explanations, using an RGB
camera to detect a QR code that links to an SVG file containing
shape elements (<line>, <rect>, <circle>, and <path>) and
corresponding audio labels. Four corner markers map the SVG
elements to the tactile paper on the metallic surface. Fingertip
detection via the RGB camera allows users to access audio
information by pinpointing graphic elements. Additional details
on the Tactonom Reader are in (22, 69). This study used version
2.5.0, released in March 2023.

We implemented the pinpoint strategies on the Tactonom
Reader using graphics from the open-source Problind database
(70), which contains over 3,000 compatible SVG graphics across
various contexts, including education, geology, biology,
chemistry, mathematics, music, entertainment, and floor plans.
For this study, we used four graphics from the Problind database
for context exploration and designed eight new SVG graphics for
the testing session, all following the Problind layout (Figure 2).

To assist users in understanding and learning the pinpoint
navigation strategies, we used four original graphics from the
Problind database: Deutschland, Osnabriick District, La France,
and United States of America, each in their distinct language
(German, French, and English). Deutschland and Osnabriick
District were included to offer users familiarity with their
regional context. La France and United States of America were
chosen for their popularity and to provide diverse, engaging
perspectives while showcasing the customisation and scalability
of the Problind database (70). As users with BVI have shown
interest in map representations in past studies (22, 71, 72), these

Uscs hge ongeGender V1 e A level Experence i 20 Ui

Male VI: visually impaired <6/60
P2 65+ Male LB: late blind <3/60 Nav1gat10n aids, braille display
P3 45-64 Female LB: late blind <3/60 Navigation aids
P4 45-64 Male LB: late blind <3/60 Navigation aids, PC interfaces
P5 65+ Female LB: late blind <3/60 No
P6 45-64 Male VI visually impaired <6/60 No
P7 18-45 Female CB: congenitally blind <3/60 Applications, visual-tactile aids
P8 18-45 Male CB: congenitally blind <3/60 Various navigation Uls
P9 65+ Female LB: late blind <3/60 No
P10 45-64 Male VI: visually impaired <6/60 Navigation and accessibility Uls

Visual acuity (VA) levels defined by the WHO (63).
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RGB Camera

Audio
Speakers

A3 Surface size

FIGURE 1
The Tactonom Reader 2.5.0v workflow.

4 circle markers and QR-Code

Detection:
QR-Code
Markers

Fingertip

"Berlin"

SVG with Audio labels

LEARNING Graphics

Deutschland

EVALUATION Graphics

Osnabrtick District

United states of America La France

SIMPLE

FIGURE 2

Graphics used to assist participant learning (top) and evaluate the pinpoint navigation strategies (bottom) in this study. The red squares demarcate the
target elements participants were required to locate on the evaluation graphics during the testing session. These squares were enlarged to three times
their original size to facilitate ease of viewing. For clarity, the blue targets and QR code from the Problind database layout have been intentionally

omitted from this figure.
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graphics were selected to make the interaction and user-interface
learning more engaging for participants.

To evaluate the pinpoint navigation strategies, we designed
eight graphics representing train station floor plans across
Germany, graphics 1 to 8. These are split into two categories:
simple train stations and complex train stations. This complexity
is expressed by the total number of spot elements, which are
small circles and triangles SVG shapes with a square annotation
area of 10 mm by 10 mm. The annotation demarcates the region
where the fingertip must be positioned to access the additional
information. Graphic 1 to 4 are simple train stations with an
average number of 14 spot elements per graphic. Graphic 5 to 8
are complex train stations with an average number of 79 spot
elements per graphic. Within the spot elements of each graphic,
two elements were assigned as the target elements that the user
will have to pinpoint in the evaluation session. Beyond the spot
elements, the train stations include audio labels on the platforms,
train tracks, streets, and outside buildings. The spot elements
annotations themselves demarcate points of interest in the train
station, including entrances, elevators, bus stops, cafes,
information points, bicycle parks, and others. We used train
station representations since train stations are among the most
visited places by people with BVI (72, 73), and mobility and
orientation applications are not as developed as other fields in

this emerging technology (7). We designed these graphics and

10.3389/fresc.2024.1368983

added audio labels using the open-source software Inkscape on
an SVG blank page with the Problind layout. All SVG elements
were rendered in black with a stroke width of 0.5mm. The
completed SVG graphics were uploaded to the database, printed
on swell paper, and processed through the PIAF (Tactile Image
Maker) heating chamber (74). All learning and evaluation
graphics used in this study are shown in Figure 2.

2.3 Pinpoint navigation strategies

We explored four pinpoint navigation strategies: Trial-and-
Error, Sonar, Voice, and Sonoice (Figure 3). These were
implemented on the Tactonom Reader using the MINIM audio
real-time
and panning (75). Our
experiments utilised a 100 by 100 digital space to map the user’s

processing library version 2.2.2, which handles
adjustments in volume, pitch,
fingertip and target location, ensuring consistent audio behaviour
across different surface sizes. This digital space allows our audio
strategies to be applied to various devices by converting any two-
dimensional space accordingly.

Individuals with visual impairments often rely on trial-and-
This
exploring each interactive element on a surface one by one until

error to locate elements on tactile surfaces. involves

the target element is found. In the context of the Tactonom

Tactonom Reader

| Interaction Menu

/A

RGB Camera

Speakers

Tactile target

©

o0

-------------------------- ce

Tactile button

Finger interaction

Navigation (user interface strategies)

Trial and Error Sonar Voice Sonoice

V) -

(N M\

®
QQQTQ

Q000

(T,

)&

E‘))) Beep.wav loop

That is not the target! Q
FIGURE 3

user's interaction and associated audio cues.

Pinpoint Navigation Strategies for Tactile Graphics (trial-and-error, Sonar, Voice, and Sonoice). The figure presents the workflow and key components
of the four navigation strategies used in our study for element pinpointing in tactile graphics. Each strategy is illustrated with a diagram depicting the

Clock directions

E g Clock directions
D *))) Beep.wav

3 hours! 3 hours! 12 hours!
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Reader device, the user can access the information using a
combination of hand gestures. Specifically, one hand presses a
button while the other serves as a cursor indicator on a 2D
tactile graphic. Every time a user queries an element, the device
provides audio feedback to indicate the information associated
with the element. This information is presented in an audio
format, such as text-to-speech or sound. Exploring tactile
graphics with a simple button press interface and audio feedback
helps to minimise cognitive load and maximise accessibility for
individuals with BVI.

Sonification, specifically the Sonar pinpoint navigation, is an
alternative to the trial-and-error approach for locating elements
This
submarine sound navigation and leverages audio feedback to

on tactile surfaces. strategy draws inspiration from
guide users in locating target elements. A background beep
sound with a frequency of 412.150 Hz is used to provide auditory
feedback, with the frequency and volume of the sound increasing
as the user’s fingertip gets closer to the target element. While
Sonar navigation had previously been implemented in the
Tactonom Reader and introduced in prior research (22), user-
centred design has led to significant new improvements to meet
user’s needs. We use a linear regression function y = mx + b,
where m = —0.0217 and b = 2.89 to quantify the magnitude of
frequency variation in the beep sound. In this equation, x
represents the distance between the user’s fingertip position and
the target element in the 100 x 100 digital space, while y
represents the frequency increase of the beep sound relative to its
baseline frequency of 412.150 Hz. As the user approaches the
target element, the frequency of the beep sound increases. For a
distance of 0 in the digital space, indicating that the user’s
fingertip has precisely reached the target element, the frequency
increase reaches its maximum value of 2.89, corresponding to a
frequency of 1,191 Hz (2.89 x 412.150Hz). The background
beep sound has a duration of 0.22 s and is played in a loop while
the Sonar navigation is active. All the duration and frequency
value adjustments were fine-tuned during user-centred design
testing with BVI individuals at Inventivio GmbH.

While sonification is a popular technique for tactile navigation,
Voice pinpoint navigation offers an alternative method for
guiding users towards their target element. This technique
involves delivering verbal instructions to the user, indicating the
direction of the target element in relation to their fingertip
position. Our past research and user-centred design have already
looked at voice navigation, where we concluded that direction
voices such as “top” and “bottom” caused ambiguity and
confusion regarding whether to interpret these cues in a 2D or
3D context (22). Consequently, we implemented a novel
variation of Voice navigation, incorporating the clock system,
which specifies directions as “3 o’clock,” “6 o’clock,” “9 o’clock,”
and “12 Although
technologies use additional clock directions like “2 o’clock” or “5

o’clock”. some successful navigation
o’clock” (37), we deliberately excluded these from our voice U],
and chose to prioritise simplicity and familiarity, aligning it more
closely with the majority of the clock-speech guidance systems
used in our context (38-41). While additional directions offer

increased precision, they come with the drawback of added
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processing time and still require micro-adjustments. Past research
has concluded that BVI individuals have difficulties pinpointing
elements in a straight line along vertical and horizontal
directions (22), making diagonal movement potentially more
confusing and less efficient for them. The Minim audio library is
utilised to adjust the volume of the voice instructions and pan
the sound in stereo as the user approaches the target element,
providing additional auditory feedback. The specific voice
command played is determined based on the biggest distance
between the user’s fingertip and the target element. This ensures
the voice feedback is consistent and reliable, regardless of the
user’s specific starting position on the tactile surface. We used
German clock system voices to meet the needs of German-
speaking participants in this study.

Following a user-centred design approach to enhance pinpoint
navigation speed and user satisfaction, we have developed a novel
that
sonification and voice pinpoint navigation. Sonoice begins with a

strategy called Sonoice (sonar + voice) combines
single voice direction instruction using the clock system, followed
by a continuous loop of a beep sound. The voice direction is
determined by the largest distance to the target element, be it
vertically (12 or 6 o’clock) or horizontally (3 or 9 o’clock)
oriented. As the user approaches the target, the volume and
frequency of the beep sound dynamically adjust following the
same linear regression function employed in the Sonar
navigation strategy. This continues until the user reaches the
target element’s x or y threshold based on the voice instruction.
For the “3 o’clock” and “9 o’clock”, this

threshold is the x position, while for the voices “6 o’clock” and

direction voices

“12 o’clock”, it is the y position. When the user reaches the
threshold, a trigger sound plays and a new voice instruction is
given to guide the user towards the target element. Once again, a
background beep sound starts playing in a loop until the user
reaches the target’s x or y threshold. To enhance user guidance,
the Sonoice strategy incorporates a wrong-direction feedback
mechanism. If the user moves in the opposite direction of the
previous voice instruction, the system replays the last instruction
to provide corrective feedback. In addition to addressing the
issue of moving the fingertip in a straight direction, which was
present in the previous study (22), the Sonoice method offers
further usefulness. By continuously giving new voice instructions
at each x or y threshold of the target element, the method
ensures that the user is always directed towards the target.
Additionally, if the user stays still for over 3 s, a new voice
instruction is triggered based on the larger distance to the
target element. Overall, the Sonoice method attempts to integrate
the benefits of both sonar and voice pinpointing strategies,
offering a comprehensive and novel approach to tactile
surface navigation.

When users lift their hand off the tactile surface of the
Tactonom Reader, causing it to go out of view of the camera, the
audio feedback is immediately silenced, regardless of the current
pinpoint navigation strategy. Upon reaching the target, the
system plays a sound to indicate success, “success.wav’, and all
navigation sounds are stopped and turned off. The stereo
sound distribution is enabled for all pinpoint strategies, but
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due to the Tactonom Reader’s speaker placement, the panning
effect may not be noticeable. The Tactonom Reader does not
play any other embedded digital audio information during
navigation. All methods operate at a 10 FPS rate, corresponding
to the RGB camera’s fingertip detection speed, enabling
real-time interaction.

2.4 Procedure and design

We employed a within-subjects design for the study, where
each participant was randomly assigned to test all four pinpoint
strategies. The tests were conducted individually in a single 90-
min session for each participant. Figure 4 illustrates the step-by-
step progression of the experimental procedure, ensuring clarity
and enhancing comprehension of the distinct phases involved.

2.4.1 Preparation

At the beginning of the study, the participants were given a
detailed explanation of the study’s purpose and procedures. They
were then asked to provide their consent either by signing a
consent form or providing a verbal agreement, which was audio

10.3389/fresc.2024.1368983

2.4.2 Exploration

Subsequently, the exploration phase started, and participants
received fifteen minutes to explore the Tactonom Reader with
their hands. Beyond getting used to the device dimensions and
creating a mental image, participants were allowed to interact
with the learning graphics (Figure 2) to understand the
Tactonom Reader workflow.

2.4.3 Training

Following the exploration phase, participants underwent a
training phase where they learned the four pinpoint strategies
implemented on the Tactonom Reader. The training phase began
with placing one of the learning graphics on the device. During
this phase, participants were instructed to learn all four pinpoint
strategies: trial-and-error, Sonar-based, Voice-based, and Sonoice.
After selecting an element target from the learning graphic,
participants pressed the “enter” button, and a “beep” sound
marked the start of the trial. Participants then used the selected
strategy to pinpoint the target. They were allowed to repeat the
training trials several times for a maximum duration of five
minutes per pinpoint strategy.

recorded. Participants were informed that they could stop the 2.4.4 Testing
experiment at any time without giving any reason. This phase After  receiving instructions and confirming their
lasted for 15 min. understanding of the experimental procedure, participants

' Experimental Procedure h

4) Testing

20min

1) Preparation 15min

!

2) Exploration 15min

Random order: {pinpoint strategy}

For each pinpoint strategy [4 in total]:
| Assign graphics: {2 out of 8} * 5

| For each graphic [2 in total]:
| Pinpoint 2 targets with strategy *

* - Train Station graphics:
[4 simple and 4 complex]
select 1 simple graphic
select 1 complex graphic

* - The maximum duration
is 1 minute per target.

20min 20min

5) Usability
4 {pinpoint strategies} : For each pinpoint strategy [4 in total]:
| TRIAL-ERROR | Fill NASA-TLX questionnaire

I \S/SLCAER | Fill SUS questionnaire

| SONOICE

Global semi-structured interview

FIGURE 4

Overview of the experimental procedure phases. After the preparation phase, participants could explore the Tactonom Reader functionalities. All four
pinpoint strategies, trial-and-error, Sonar, Voice, and Sonoice, were learned in the training graphic and used to pinpoint targets in 8 train station
graphics. The experiment ends with a usability phase, including NASA-TLX and SUS questionnaires and a semi-structured interview.
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entered the main experiment phase, the testing phase. Randomly
selected by a computer script, one of the four pinpoint strategies
and two train station floor plans (one simple and one complex)
were presented to the participants. The chosen pinpoint strategy
was introduced and displayed on the Tactonom Reader, and the
first graphic was placed on the device. Once participants were
ready, they initiated the first trial by selecting the navigation
mode through the main menu. A target element was randomly
assigned from two options, and its name was announced. After a
“beep” sound, participants navigated to the correct target
location using acoustic feedback from a navigation UI or trial-
and-error strategy. After successfully pinpointing the target
element, a “beep” sound marked the end of the trial. Each trial
had a duration limit of 60 s. If the participant did not
successfully pinpoint the target within the allocated time, a
“timeout” sound would mark the end of the trial. The participant
was instructed to repeat the same procedure for the remaining
target element of the current graphic. Once all target elements in
the current graphic were located, the second train station floor
plan was presented on the Tactonom Reader. The participant
then finds two targets on the second graphic using the same
strategy. This procedure was then repeated for the other three
pinpoint strategies, with their order randomised to eliminate any
potential bias. To provide participants with flexibility in using
their preferred strategies, they were instructed to place their
index finger anywhere on the surface of the Tactonom Reader.
The initial position was intentionally not fixed to allow
participants the freedom to navigate as they preferred.

2.4.5 Usability

The final part of the experiment involved a NASA-TLX (76)
and SUS (77) questionnaire for each pinpoint strategy and an
interview that aimed to assess the participants’ user experience.
More specifically, it aimed to assess the usability of the
Tactonom reader and evaluate how practical the different
pinpoint strategies were in guiding a blind or visually impaired
user to a particular element in tactile graphics. As we
additionally tried to answer the question of what other aspects of
the Tactonom Reader and the implemented strategies could be
improved, the interview was conducted as a semi-structured
interview. This allowed the experimenter to ask additional
questions in case the participant reported intriguing observations
next to the general questions that were the same for all
participants (available in the Supplementary Material).

2.5 Data analysis methods

We employed a mixed-methods approach, integrating both
quantitative and qualitative data, including interviews. The
analyses of the behavioural data, including UI performance and
the impact of graphical complexity, use total trial times as the
dependent variable (to assess efficiency), employing parametric
statistics (ANOVA) for statistical testing. Questionnaires (NASA-
TLX and SUS) are evaluated using standard normalised scores
(to assess user satisfaction), while subjective data from interviews
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and open-ended questions are documented with descriptive
statistics and illustrated using original user quotes.

3 Results

Our investigation aimed to assess the efficiency and user
satisfaction of four distinct navigation strategies (Figure 3)
employed for pinpointing elements in 2D tactile graphics. To
accomplish this, we conducted a comprehensive analysis of
quantitative and qualitative data obtained during the testing and
usability phases, thereby providing a thorough validation of the
diverse pinpoint strategies. Although we did not perform further
statistical analysis on these subgroups, the results include data
categorised into the three types of visual impairment: CB
(congenitally blind), LB (late blind), and VI (visually impaired).
Henceforth, participants’ comments will be accompanied by their
identifier, type of visual impairment, and favourite navigation
strategy (e.g., P7, CB, Sonar).

The results of our study are presented across four key sections.
Section 3.1 compares the efficiency of the four navigation strategies
(trial-and-error, Sonar, Voice, and Sonoice). Section 3.2 analyses
user satisfaction while using these strategies, and Section 3.3
examines the differences in performance when interacting with
simple or complex tactile graphics. Additionally, Section 3.4
investigates the distinct fields and contexts to which these Uls
can be applied.

3.1 Efficiency analysis of pinpoint navigation
strategies

To conduct a comparative analysis of the four pinpoint
navigation strategies (trial-and-error, Sonar, Voice, and Sonoice),
we began by examining the distribution of trial duration in
seconds for each strategy. The mean elapsed time required by
participants to locate the target element was 57.85 + 8.04 s for
trial-and-error, 20.68 + 8.99 s for Sonar, 17.58 + 9.50 s for
Voice, and 15.48 + 8.91 s for Sonoice (Figure 5). Notably,
among the 40 trials conducted using the trial-and-error
approach, only four trials (10%) were successfully completed
within the designated time limit of 60 s, while the remaining
trials reached the maximum duration allowed (Figure 5).

Employing a repeated measures ANOVA statistical test with
a = 0.05, we aimed to assess whether there were any significant
variations in
Our significant
between the mean trial durations of the four strategies
(F(3,27) = 139.5827, p < 0.001). The calculated F-value (139.5827)
exceeded the critical F-value (2.9604) for the test, leading us to
reject the null hypothesis. These findings indicate a significant

mean trial durations across different strategies.

results showed a statistically difference

difference in the mean trial durations among the four pinpoint
navigation strategies.

To determine the specific nature of the differences between the
navigation strategies, pairwise t-tests were performed on the
average trial duration for each strategy. The results revealed
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FIGURE 5

Comparison of Pinpoint Navigation Strategies based on trial duration. Boxplots show the distribution of trial durations for each strategy (in seconds),
with medians represented as solid lines. Outliers are depicted as grey diamonds. The black markers denote the medians of each subgroup of visual
impairment type for each boxplot distribution: circles for CB, squares for LB, and stars for VI.

significant differences between several pairs of strategies. The trial
strategy exhibited substantial differences compared to the Sonar
(t = —12.83, p < 0.001), (t = —18.00, p < 0.001),
Sonoice (t = —22.78, p < 0.001) strategies, indicating that the
trial strategy was significantly less efficient than the other three.

Voice and

However, we found no significant differences between the Sonar
and Voice methods (t = —1.12, p = 0.291) or between the Voice
and Sonoice methods (f =1.22, p = 0.255), or the Sonar and
Sonoice methods (t = —1.95, p = 0.083).

Interestingly, the Sonoice method exhibited consistently lower
mean trial durations than the other strategies, although statistical
tests did not yield significant differences. While these findings
suggest the potential efficiency of Sonoice in pinpointing
elements in tactile graphics, further data would be necessary to
determine whether this effect reaches statistical significance.

3.2 User-satisfaction analysis

To assess user satisfaction with the various pinpoint navigation
strategies, we employed subjective measures, including NASA-TLX
and SUS questionnaires, along with semi-structured interviews.

The NASA-TLX and SUS questionnaires were administered to
each participant after they completed the navigation tasks with
each strategy. The NASA-TLX questionnaire, measured on a
scale of 0 to 100, assesses subjective workload, with lower scores
load. the SUS
questionnaire, measured on a scale of 0 to 100, evaluates overall
satisfaction, with higher representing  greater
satisfaction. Results from the NASA-TLX questionnaire showed
that the mean scores (+ standard deviation) for the Trial-Error,
were 33.67 + 26.90,

indicating reduced  cognitive Similarly,

scores user

Sonar, Voice, and Sonoice strategies
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5.50 + 5.95, 10.00 + 13.45, and 8.75 + 9.21,
(Figure 6). These results suggest that the trial strategy may have

respectively

imposed a higher workload on the participants since its average
score is at least three times bigger than any other navigation
strategy. To understand if there was any significant difference
between the user-interface strategies for pinpoint elements
(Sonar, Voice, and Sonoice), we performed a repeated measures
ANOVA statistical test with a = 0.05. Results indicated no
substantial disparity in the mean NASA-TLX score across the
strategies (F(2, 18) = 0.394, p = 0.983), suggesting
that these are equally effective regarding overall user workload.

navigation

Regarding the SUS questionnaire, results showed that the mean
scores (+ standard deviation) for the Trial-Error, Sonar, Voice,
and Sonoice strategies were 59.75 £ 36.39, 88.50 £ 13.95,
84.00 £+ 17.96, and 83.25 + 14.67, respectively (Figure 6). The
trial strategy had the lowest mean SUS score, indicating it was
the least satisfactory method overall. The other three strategies all
received an average score not only above the average (68) but
above 80, which is considered a high score by past research
(78, 79). These results suggest that participants rated the Sonar
strategy as the most satisfactory, followed by the Voice and
Sonoice strategies. To determine if there were any significant
differences between the user-interface strategies for pinpoint
elements (Sonar, Voice, and Sonoice), we performed a repeated
measures ANOVA statistical test with o =0.05 on the SUS
scores. The results showed no significant difference between the
strategies (F(2, 18) = 0.780, p-value = 0.473).

Although neither NASA-TLX nor SUS questionnaire results
showed significant differences between the Sonar, Voice, and
Sonoice strategies, it is important to note that these are
subjective measures and may not capture all aspects of user
satisfaction. Therefore, it is still important to consider the
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Distribution of favourite and worst pinpoint strategies reported by participants (10 in total) during semi-structured interviews. Each bar chart is
segmented by the type of visual impairment, denoted by CB, LB, and VI votes.
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valuable qualitative feedback obtained from the semi-structured
interviews. In the interviews, participants were specifically asked
about their most and least favourite strategies for pinpointing
elements in tactile graphics (Figure 7). This additional insight
allows us to gain a deeper understanding of participants’
preferences and experiences with the different pinpoint strategies.

We proceeded to analyze the specific remarks provided during
the usability session to acquire further insights not only into the
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overall subjective evaluation but also to elucidate the underlying
rationale behind this decision.

Among the participants, the Sonar interface emerged as the
most highly rated strategy, receiving a total of 5 out of 10 votes
as the favourite choice (Figure 7). Participants provided positive
feedback regarding the Sonar strategy, highlighting its familiarity,
responsiveness, and intuitive nature: “The Sonar because it uses a
principle that I am familiar with and it feels more responsive and
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more intuitive” (P7, CB, Sonar), “Sonar (voices are difficult to hear
when there are other people around). It is well distinguishable from
natural sounds”(P10, VI, Sonar), “Sonar because it is super quick
and intuitivel” (P4, LB, Sonar), “My favourite was Sonar, but
Sonoice is still a great option although it uses a lot of information
which can confuse you!” (P1, VI, Sonar).

The Sonoice user interface was the second most highly rated
strategy, receiving 3 out of 10 votes as the favourite choice
(Figure 7). Participants recognised the benefits of utilising a
combination of sound and voice to obtain more detailed
information and accurately pinpoint the target position: “Sonoice
is direct guidance combined with fast guidance. With more
information, you get there faster! It depends a bit on how well
you’re able to multitask, but it has high potential” (P6, VI,
Sonoice), “Most of all, Sonoice because it first provides the
general direction and then more fine-tuned details!” (P8, CB,
Sonoice), “Sonoice because you get a much better overview of
the environment in general and the spatial relationships.”
(P2, LB, Sonoice).

Additionally, a subset of participants (2 out of 10) preferred the
Voice user interface (Figure 7). These participants found the Voice
method to be straightforward to use and responsive: “The Voice
method is very specific and straightforward!” (P3, LB, Voice),
“The Voice since it is directly interpretable and can change
quickly.” (P9, LB, Voice).

Contrarily, the trial-and-error strategy consistently received the
least favourite rating, with 7 out of 10 participants expressing
dissatisfaction (Figure 7). Feedback regarding the trial strategy
highlighted limitations, such as uncertainty, feeling helpless, and
tediousness. Participants shared comments like “Just with trial
and error, you are limited! I feel helpless and don’t know what to
do! It is uncomfortable and feels more like a TOY than a tool.”
(P3, LB, Voice), “It is tedious to press the button constantly in the
trial and error approach” (P1, VI, Sonar), and “The trial and
error strategy is difficult to apply in the context of finding an
element! Requires a lot of time and pressingl” (P5, LB, Sonar).
Despite its drawbacks for pinpointing elements, participants
recognised the trial-and-error strategy’s usefulness for obtaining
an overview of the graphic content, as expressed in statements
like “The worst was trial-and-error to localise but to explore it’s
amazing! It should be the first step to explore with this mode to
get an overview” (P8, CB, Sonoice) and “The trial-and-error
strategy would be ideal for exploring as part of mobility trainingl”
(P2, LB, Sonoice).

Each of the remaining three navigation strategies received one
vote as the least favourite, with participants pointing out their
specific drawbacks (Figure 7). Some participants expressed
challenges with the Sonar strategy, mentioning the difficulty in
realising they were moving in the wrong direction, “Sonar was
the worst! It took me super long to change directions and to
realise when I was going in the wrong direction. I could not react
quickly enough to avoid going in the wrong direction.” (P9, LB,
Voice). The Voice strategy was criticised for requiring excessive
mental effort in interpreting the clock system, “Voice is the worst
because 1 needed to think too much about the clock and where
the 3 h is located!” (P7, CB, Sonar). Participants also found the
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Sonoice strategy overwhelming, as it demanded sustained
concentration, “Sonoice is too much, and concentration is hard to
keep!” (P4, LB, Sonar).

Based on the results of the NASA-TLX, SUS, and semi-
structured interviews, the three user interface strategies for
pinpointing elements in tactile graphics have demonstrated their
usefulness, exhibiting statistically higher satisfaction levels
compared to the standard trial-and-error approach. All ten users
unanimously agreed that they found at least one of the three
navigation pinpoint user interfaces more useful than the trial-
and-error method for locating elements in tactile graphics.
Furthermore, all participants highly recommended the navigation
user interfaces to other individuals with BVI, “I absolutely prefer
the navigation modes, and I think the Tactonom with these would
be a great addition to my current devices” (P10, VI, Sonar),
“I would use them. I would retrieve much more information from
the graphics with the navigation strategies” (P8, CB, Sonoice).

Our analysis revealed that while the Sonoice UI received
positive feedback from participants, we did not gather sufficient
evidence to conclude that it consistently outperformed the other
strategies regarding user satisfaction. It is worth noting that
participants’ preferences and experiences varied across the
different navigation strategies, and no significant differences were
found in overall user satisfaction between the Sonar, Voice, and
Sonoice strategies according to the collected data.

In summary, the findings indicate that the implemented user
interfaces significantly improve user satisfaction compared to the
traditional trial-and-error approach. Based on these results, we
conjecture that these navigation strategies hold a large potential
to enhance the accessibility and usability of tactile graphics for
individuals with BVI. Further research and larger sample sizes
may be necessary to explore potential differences in satisfaction

among the various pinpoint navigation strategies in more detail.

3.3 Unveiling the influence of graphic
complexity

To fully understand the efficiency of different navigation
strategies in tactile graphics, it is important to explore the impact
of graphic types on the performance of these navigation
strategies. To address this, our comprehensive analysis covered
both simple and complex graphics. The analysis aimed to assess
the potential disparities in element pinpointing performance
between the two graphic types. Surprisingly, the results revealed
no significant difference in the mean trial duration between
complex graphics (27.10 + 20.28 s) and simple graphics
(28.69 + 18.86 s) (Figure 8). These findings challenge our initial
assumptions and suggest that graphic complexity does not
significantly impact the time required for pinpointing elements.
Importantly, this lack of difference holds true across the
navigation pinpoint user interfaces (Sonar, Voice, and Sonoice)
and the trial-and-error approach.

In addition to evaluating the performance of different
navigation strategies on simple and complex graphics, we
comprehensively analysed the data using a boxplot to visualise
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the average trial durations across the graphic type and pinpoint
strategy (Figure 9). Subsequently, we aimed to test whether a
navigation user interface (UI) allows people with BVI to pinpoint
elements in complex graphics more efficiently than the trial-and-
error strategy. The results demonstrate the superiority of the
Sonar, Voice, and Sonoice navigation strategies over the trial-
and-error approach for complex and simple graphics. In complex
graphics, the mean trial duration was 19.98 + 9.85s for Sonar,
16.99 + 10.39s for Voice, and 13.53 + 7.60s for Sonoice, while
the trial-and-error approach had a significantly higher mean trial
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duration of 57.91 + 9.63s. Similarly, in simple graphics, the
mean trial duration was 21.39 + 8.25s for Sonar, 18.16 + 8.75s
for 17.42 + 9.86s
57.79 + 6.31s for the trial-and-error approach (Figure 9).

These findings provide strong empirical evidence that a

Voice, and for Sonoice, compared to

navigation UI enables individuals with BVI to pinpoint elements
in both complex and simple graphics more efficiently compared
to the trial-and-error strategy. We interpret these results to
suggest that the Uls might be successfully applied beyond
complex graphics and underscore their potential to improve

frontiersin.org


https://doi.org/10.3389/fresc.2024.1368983
https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org/

Ramoa et al.

accessibility and usability across a wide range of tactile graphics
with varying complexity.

3.4 Expanding applications of pinpoint
navigation interfaces

In addition to locating elements in floor plans in tactile
offer
applications. During the semi-structured interviews, participants

graphics, pinpoint navigation strategies broader
shared their perspectives on the contextualisation of pinpoint
navigation interfaces in various fields of assistive technology.
Their comments revealed diverse potential uses, including
emergency floor plans, schools, public services, navigation apps
like the Seeing AI App, country maps, and even household
appliances like washing machines where specific settings can be
easily located, “In floor plans or countries maps. It would be
amazing to use it in washing machines and find a certain
setting” (P5, LB, Sonar). Participants also highlighted the
advantage of complementing pinpoint navigation with on-site
sensor-based navigation technologies (37, 59, 60, 80) like the
FeelSpace “Use

preparation and then the FeelSpace belt for mobile applications.”

naviBelt: navigation modes for practical
(P10, VI, Sonar). The idea is to use pinpoint navigation for
mobility training, developing mental representations of changing
environments, and preparing for visits and trips, followed by on-
site navigation aids for real-time assistance.

It was found that 7 out of 10 participants had never interacted
with a similar technology beyond the Tactonom Reader device
itself, indicating that this technology is still emerging and not
readily accessible to users. These subjective evaluations by the
users highlight the novel and evolving nature of pinpoint
navigation interfaces, underscoring their potential for future
applications in various domains and assistive technology.

4 Discussion

Our investigation into the efficiency and user satisfaction of
various navigation strategies in tactile graphics has yielded
significant insights, contributing to improving tactile information
access. Notably, all tested pinpoint user interface strategies
outperformed the trial-and-error approach, demonstrating their
superiority in facilitating efficient pinpointing of tactile elements.
Among these strategies, the Sonoice UI, which combines
auditory and voice cues, emerged as the most efficient. However,
satisfaction ratings were surprisingly deviant from performing
ratings. Participant’s feedback shed light on this phenomenon,
stating, “My favourite was Sonar, but Sonoice is still a great
option although it uses a lot of information which can confuse
you!l” (P1, VI, Sonar), “Sonoice is too much, and concentration is
hard to keep!” (P4, LB, Sonar). This contrasting perspective adds
complexity to the relationship between performance and user
satisfaction, emphasising the need for a comprehensive
understanding of user preferences and subjective experiences

when pinpointing elements in tactile graphics.

Frontiers in Rehabilitation Sciences

14

10.3389/fresc.2024.1368983

4.1 Balancing performance and user
satisfaction

Exploring both performance and user satisfaction across all
navigation strategies uncovered intriguing insights, defying the
conventional notion that the most efficient method would
necessarily be the most favoured. Interestingly, except for the
trial-and-error approach, which yielded anticipated results, the
remaining strategies yielded unexpected outcomes.

4.1.1 High performance

This unexpected divergence was particularly evident in the
performance of the Sonoice method. Despite not receiving user
satisfaction ratings as high as the Sonar method, the Sonoice
method exhibited the lowest mean trial duration during the
experiments. This raises the question: how could Sonoice achieve
higher efficiency despite slightly lower satisfaction ratings? The
answer may reside in the combination of advantages of the Voice
and Sonar approaches. The Voice method provides directional
guidance but lacks information on the distance to the target and
can be confused with natural sounds “voices are difficult to hear
when there are other people around” (P10, VI, Sonar) (57, 62).
On the other hand, the Sonar strategy offers proximity feedback
but requires users to interpret pitch sound differences to ensure
they are moving in the right direction. With the Sonoice method,
we aimed to combine the advantages of both the Sonar and
Voice strategies, leveraging their strengths to create a more
effective approach. By incorporating directional guidance from
the Voice method and proximity feedback from the Sonar
method, we sought to provide users with a comprehensive and
efficient navigation experience, “Sonoice is direct guidance
combined with fast guidance. With more information, you get
there faster” (P6, VI, Sonoice). Notably, recent studies have
shown that assistive interfaces incorporating both sonification
and voice feedback jointly have yielded promising results (28, 40,
81-83), suggesting that combining sonar with voice can possibly
enhance the effectiveness of tactile graphics exploration.

4.1.2 High user satisfaction

Although it emerged as the most efficient method, the Sonoice
method was not the most preferred strategy during the task. An
explanation for this is that Sonoice uses more information than
the other two methods, which some users saw as overwhelming,
“My favourite was Sonar, but Sonoice is still a great option
although it uses a lot of information which can confuse you!” (P1,
VI, Sonar). Another factor that could have contributed to this
may stem from the fact that assistive technology typically relies
on either voice or sonification approaches (9, 34, 50, 61, 84),
making a combination of these two methods less common and
potentially leading to unfamiliarity or hesitation among users.

The theme of familiarity and user preference is further
underscored in the case of the Sonar approach. Despite not being
the fastest approach, Sonar obtained the highest satisfaction rate,
possibly influenced by participants’ experiences with assistive
technology. Participant comments substantiate this connection, as
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seen in statements like “The Sonar because it uses a principle that I
am familiar with” (P7, CB, Sonar) and “Sonar because it is super
quick and intuitive!” (P4, LB, Sonar). These findings underscore
the influence of participants’ prior experiences and contextual
factors in shaping their preference for a particular navigation Ul,
aligning with similar observations in related research (29, 58).
Regardless, it’s worth noting that participants received only 5
min of training for each strategy. With extended training, users
would potentially become more familiarised and less
overwhelmed with the Sonoice approach, changing the results of
this investigation. Moreover, these potential changes are also
individual differences

subject to and the type of visual

impairment each participant has.

4.2 The value of the trial and error approach
in tactile graphics exploration

While being the least favoured approach and the least efficient
in pinpointing elements in tactile graphics, the trial-and-error
method still holds value for users. Despite not being ideal for
precise element identification, this approach proves to be
beneficial for initial exploration and gaining a contextual
understanding of the graphic. It allows users with visual
impairments to familiarise themselves with the layout and
content of the graphic, providing a starting point for further
this method
implemented in other 2D tactile graphic readers (11-18, 20, 23),

interaction and interpretation. In fact, is
highlighting its significance in facilitating exploration and
providing an overview. As one participant remarked, “The worst
was trial-and-error to localise, but to explore it’s amazing! It
should be the first step to explore with this mode to get an
overview” (P8, CB, Sonoice) While the trial-and-error method
may not provide direct and precise guidance to pinpoint
elements, it can contribute to the overall understanding of the
two-dimensional information presented.

Given its value in facilitating initial exploration, the trial-and-
error functionality should be included in assistive technology for
tactile graphics. By recognising its role and benefits, developers
can ensure that users with visual impairments can access a
range of strategies that cater to different aspects of their
exploration needs, enhancing their overall experience and access

to 2D information.

4.3 Assessing complexity in train station
floor plans

In assessing complexity in train station floor plans, results
revealed that the choice of navigation UI strategy (Sonar, Voice,
and Sonoice) did not yield significant differences in performance
between simple and complex graphics. This indicates that our
user interface strategies demonstrated consistent effectiveness
regardless of the complexity of the tactile graphic. However, the
trial-and-error approach presented a different outcome, as most
of the samples reached completion within the given time limit. It
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is worth considering that if the trial duration had not been
restricted to 1 min, we might have observed contrasting results
using the trial-and-error method for simple vs. complex graphics.
These findings are particularly intriguing, as they shed light on
the time-consuming nature of interacting with seemingly
“simple” graphics, highlighting the inherent challenge individuals
with visual impairments face in accessing and comprehending
two-dimensional information (85).

5 Conclusion

The rapid advancements in 2D tactile readers and 2D pin-
matrix displays hold immense potential for revolutionising
information accessibility for individuals with visual impairments.
One crucial aspect of their usability lies in developing effective
user interfaces that enhance the precise pinpointing and locating
of elements on 2D tactile surfaces, empowering users to access
Our has
unequivocally demonstrated the superiority of an audio-based

graphical  information independently. study

navigation user interface approach over the conventional trial-
method, thereby the
accessibility of graphical information for individuals with visual

and-error significantly  improving
impairments. Significantly, our findings unveiled that our user
interfaces (Sonar, Voice, and Sonoice) exhibited exceptional
performance in terms of efficiency and garnered excellent user
satisfaction ratings. Remarkably, these outcomes were achieved
even though participants received only a brief 5-min training
session, and some had no prior experience with 2D tactile
readers. These compelling results not only shed light on the
capabilities of sonification/speech navigation user interfaces but
also emphasise the importance of user-centred design in creating
inclusive technology for the visually impaired population.

Based on the results and discussions of our study, the Sonoice
navigation user interface has emerged as a notable solution,
achieving higher levels of efficiency compared to the sonar and
voice methods. Remarkably, users achieved these impressive
results with just 5 min of training, and many of them quickly
recognised the potential of Sonoice, interpreting it as “SO
NICE!”. Interestingly, the most efficient method was not the
most favoured one. The simultaneous use of sonification with
speech feedback negatively impacted the Sonoice method. A
combination of methods that should and partly does outperform
the other simpler combinations was not appreciated by all users.
the Ul
overwhelming compared to the other navigation user interfaces,

Some participants  found Sonoice information
which, although slightly slower, still performed greatly. Users are
willing to trade off some speed in performance for ease of use
and to avoid information overload, interpreting Sonoice more as
“SO NOISE!” than “SO NICE!” The choice of using one of three
navigation user interfaces is highly influenced by participants’
personal  preferences and prior experiences. Therefore,
understanding individual preferences and tailoring the user
interface accordingly is essential for optimising user satisfaction
and effectiveness in tactile graphics exploration. In response to

these findings, we have integrated all three audio user interfaces,
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including Sonar, Voice, and Sonoice, into subsequent software
updates of the Tactonom Reader.

Our findings highlight the potential of navigation strategies to
enhance the accessibility and usability of tactile graphics for
individuals with visual impairments, emphasising the importance of
incorporating such user interfaces in future design and development
efforts. Moreover, our navigation user interfaces can be extended
beyond tactile graphics readers and integrated into various
technologies, including tablets and 2D refreshable pin-matrix
displays. This broader application of navigation strategies contributes
to advancing assistive technology in these emerging devices. As
tactile graphics readers and 2D refreshable braille hardware
technology continue to grow, it is essential to define optimal user
interface standards and expand the capabilities and application
domains, further empowering individuals with visual impairments.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by University
Osnabrueck Ethics Committee. The studies were conducted in
with  the
requirements. The participants provided their written informed

accordance local legislation and institutional

consent to participate in this study.

Author contributions

GR: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Project administration, Resources,
Software, Validation, Visualization, Writing - original draft,
Writing - review & editing. VS: Data curation, Formal Analysis,
Investigation, Methodology, Resources, Validation, Visualization,
Writing - original draft, Writing - review & editing. TS:
Supervision, Writing — original draft, Writing - review & editing.
RS: Supervision, Writing - original draft, Writing - review &
editing. PK: Formal Analysis, Methodology, Supervision, Writing
— original draft, Writing — review & editing.

References

1. Bornschein D. Redesigning input controls of a touch-sensitive pin-matrix device.
TacTT@ITS. (2014) 1324:19-24.

2. Volkel T, Weber G, Baumann U. Tactile graphics revised: the novel brailledis 9000
pin-matrix device with multitouch input. In: ICCHP. Vol. 5105 (2008). p. 835-42.
doi: 10.1007/978-3-540-70540-6_124

3. Bornschein D, Bornschein J, Kéhlmann W, Weber G. Touching graphical
applications: bimanual tactile interaction on the hyperbraille pin-matrix display.
Univ Access Inf Soc. (2018) 17:391-409. doi: 10.1007/s10209-017-0538-8.

Frontiers in Rehabilitation Sciences

16

10.3389/fresc.2024.1368983

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article.

This research was funded by the European Union’s Horizon
2020 research and innovation program under the Marie
Sklodowska-Curie grant agreement No 861166 (INTUITIVE
-Innovative network for training in touch interactive interfaces).
The funders had no role in the study’s design; in the collection,
analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

Acknowledgments

Special thanks to the Osnabriick branch of the Blind and
Visually Impaired Association of Lower Saxony (BVN) for
generously providing the test and facilitating
participant communication.

facilities

Conflict of interest

GR is a software engineer at Inventivio GmbH in Germany.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fresc.2024.
1368983/full#supplementary-material

4. Bornschein J. Brailleio - a tactile display abstraction framework. TacTT@ITS.
(2014) 1324:36-41.

5. Bornschein J, Weber G, Gotzelmann T, Multimodales Kollaboratives
Zeichensystem fiir Blinde Benutzer. Dresden, Germany: Technische Universitit
Dresden (2020).

6. Crusco AH, Wetzel CG. The midas touch: the effects of interpersonal touch on
restaurant tipping. Pers Soc Psychol Bull. (1984) 10:512-7. doi: 10.1177/
0146167284104003

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fresc.2024.1368983/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fresc.2024.1368983/full#supplementary-material
https://doi.org/10.1007/978-3-540-70540-6&lowbar;124
https://doi.org/10.1007/s10209-017-0538-8
https://doi.org/10.1177/0146167284104003
https://doi.org/10.1177/0146167284104003
https://doi.org/10.3389/fresc.2024.1368983
https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org/

Ramoa et al.

7. Ramoda G. Classification of 2d refreshable tactile user interfaces. In: Assistive
Technology, Accessibility and (e) Inclusion, ICCHP-AAATE 2022. Vol. 01 (2022).
p- 186-92. doi: 10.35011/icchp-aaate22-p1-24.

8. Radecki A, Bujacz M, Skulimowski P, Strumitto P. Interactive sonification of
images in serious games as an education aid for visually impaired children. Br
J Educ Technol. (2020) 51:473-97. doi: 10.1111/bjet.12852.

9. Goncu C, Madugalla A, Marinai S, Marriott K. Accessible on-line floor plans. In:
Proceedings of the 24th International Conference on World Wide Web. Republic and
Canton of Geneva, CHE: International World Wide Web Conferences Steering
Committee, WWW 15 (2015). p. 388-98. doi: 10.1145/2736277.2741660

10. Poppinga B, Magnusson C, Pielot M, Rassmus-Gréhn K. Touchover map: audio-
tactile exploration of interactive maps. In: Proceedings of the 13th International
Conference on Human Computer Interaction with Mobile Devices and Services.
New York, NY, USA: Association for Computing Machinery, MobileHCI ’11
(2011). p. 545-50. doi: 10.1145/2037373.2037458

11. Melfi G, Miiller K, Schwarz T, Jaworek G, Stiefelhagen R, Understanding what
you feel: a mobile audio-tactile system for graphics used at schools with students with
visual impairment. In: Proceedings of the 2020 CHI Conference on Human Factors in
Computing Systems. New York, NY, USA: Association for Computing Machinery
(2020). p. 1-12.

12. Brock AM, Truillet P, Oriola B, Picard D, Jouffrais C. Interactivity improves
usability of geographic maps for visually impaired people. Hum Comput Interact.
(2015) 30:156-94. doi: 10.1080/07370024.2014.924412.

13. Fusco G, Morash VS. The tactile graphics helper: providing audio clarification
for tactile graphics using machine vision. In: Proceedings of the 17th International
ACM SIGACCESS Conference on Computers & Accessibility. New York, NY, USA:
Association for Computing Machinery, ASSETS ’15 (2015). p. 97-106. doi: 10.1145/
2700648.2809868

14. Brock A, Jouffrais C. Interactive audio-tactile maps for visually impaired people.
SIGACCESS Access Comput. (2015) 113:3-12. doi: 10.1145/2850440.2850441.

15. Gardner JA, Bulatov V. Scientific diagrams made easy with iveotm. In:
Miesenberger K, Klaus J, Zagler WL, Karshmer Al, editors. Computers Helping
People with Special Needs. Berlin, Heidelberg: Springer Berlin Heidelberg (2006).
p. 1243-50. doi: 10.1007/11788713_179

16. Landau S, Gourgey K. Development of a talking tactile tablet. Inf Technol Disab.
(2001) VII(2):7.

17. Gotzelmann T. Capmaps. In: Miesenberger K, Bithler C, Penaz P, editors.
Computers Helping People with Special Needs. Cham: Springer International
Publishing (2016). p. 146-52.

18. Gotzelmann T. Lucentmaps: 3d printed audiovisual tactile maps for blind and
visually impaired people. In: Proceedings of the 18th International ACM SIGACCESS
Conference on Computers and Accessibility. New York, NY, USA: Association for
Computing Machinery, ASSETS 16 (2016). p. 81-90. doi: 10.1145/2982142.2982163

19. Coughlan JM, Biggs B, Shen H. Point and listen: bringing a 3d map to life with
audio-based ar. Frameless. (2022) 4:9. PMID: 35620199; PMCID: PM(C9132217.

20. Coughlan JM, Biggs B, Shen H. Non-visual access to an interactive 3d map. In:
Miesenberger K, Kouroupetroglou G, Mavrou K, Manduchi R, Covarrubias Rodriguez
M, Pendz P, editors. Computers Helping People with Special Needs. Cham: Springer
International Publishing (2022). p. 253-60.

21. Wang X, Kayukawa S, Takagi H, Asakawa C. Touchpilot: designing a guidance
system that assists blind people in learning complex 3d structures. In: Proceedings of
the 25th International ACM SIGACCESS Conference on Computers and Accessibility.
New York, NY, USA: Association for Computing Machinery, ASSETS ’23 (2023).
p. 1-18. doi: 10.1145/3597638.3608426

22. Ramoda G, Schmidt V, Kénig P. Developing dynamic audio navigation uis to
pinpoint elements in tactile graphics. Multimod Technol Interact. (2022) 6:113.
doi: 10.3390/mti6120113.

23. Melfi G, Baumgarten J, Miiller K, Stiefelhagen R. An audio-tactile system for
visually impaired people to explore indoor maps. In: Miesenberger K,
Kouroupetroglou G, Mavrou K, Manduchi R, Covarrubias Rodriguez M, Penédz P,
editors. Computers Helping People with Special Needs. Cham: Springer International
Publishing (2022). p. 134-42.

24. Coughlan JM, Biggs B, Riviere MA, Shen H. An audio-based 3d spatial guidance
ar system for blind users. In: Miesenberger K, Manduchi R, Covarrubias Rodriguez M,
Pendz P, editors. Computers Helping People with Special Needs. Cham: Springer
International Publishing (2020). p. 475-84.

25. Engel C, Weber G. Atim: automated generation of interactive, audio-tactile
indoor maps by means of a digital pen. In: Miesenberger K, Kouroupetroglou G,
Mavrou K, Manduchi R, Covarrubias Rodriguez M, Pendz P, editors. Computers
Helping People with Special Needs. Cham: Springer International Publishing (2022).
p. 123-33.

26. Paré S, Bleau M, Djerourou I, Malotaux V, Kupers R, Ptito M. Spatial navigation
with horizontally spatialized sounds in early and late blind individuals. PLoS ONE.
(2021) 16:1-14. doi: 10.1371/journal.pone.0247448.

27. Guarese R, Zambetta F, van Schyndel R. Evaluating micro-guidance sonification
methods in manual tasks for blind and visually impaired people. In: Proceedings of the
34th Australian Conference on Human-Computer Interaction. New York, NY, USA:

Frontiers in Rehabilitation Sciences

17

10.3389/fresc.2024.1368983

Association for Computing Machinery, OzCHI "22 (2023). p. 260-71. doi: 10.1145/
3572921.3572929

28. Ahmetovic D, Avanzini F, Baraté A, Bernareggi C, Galimberti G, Ludovico LA,
et al. Sonification of pathways for people with visual impairments. In: Proceedings of
the 20th International ACM SIGACCESS Conference on Computers and Accessibility.
New York, NY, USA: Association for Computing Machinery, ASSETS ’18 (2018).
p. 379-81. doi: 10.1145/3234695.3241005

29. Ahmetovic D, Avanzini F, Baraté A, Bernareggi C, Galimberti G, Ludovico LA,
et al. Sonification of rotation instructions to support navigation of people with visual
impairment. In: 2019 IEEE International Conference on Pervasive Computing and
Communications (PerCom). Kyoto, Japan: IEEE Computer Science (2019). p. 1-10.
doi: 10.1109/PERCOM.2019.8767407

30. Vazquez M, Steinfeld A. Helping visually impaired users properly aim a camera.
In: Proceedings of the 14th International ACM SIGACCESS Conference on Computers
and Accessibility. New York, NY, USA: Association for Computing Machinery,
ASSETS °12 (2012). p. 95-102. doi: 10.1145/2384916.2384934

31. Ahmetovic D, Bernareggi C, Mascetti S, Pini F. Soundlines: exploration of line
segments through sonification and multi-touch interaction. In: Proceedings of the
22nd International ACM SIGACCESS Conference on Computers and Accessibility.
New York, NY, USA: Association for Computing Machinery, ASSETS 20 (2020).
p. 1-3. doi: 10.1145/3373625.3418041

32. Jagdish D, Sawhney R, Gupta M, Nangia S. Sonic grid: an auditory interface for
the visually impaired to navigate gui-based environments. In: Proceedings of the 13th
International Conference on Intelligent User Interfaces. New York, NY, USA:
Association for Computing Machinery, TUT ’08 (2008). p. 337-40. doi: 10.1145/
1378773.1378824

33. Goncu C, Marriott K. Gravvitas: generic multi-touch presentation of accessible
graphics. In: Campos P, Graham N, Jorge J, Nunes N, Palanque P, Winckler M,
editors. Human-Computer Interaction - INTERACT 2011. Berlin, Heidelberg:
Springer Berlin Heidelberg (2011). p. 30-48.

34. Kane SK, Morris MR, Perkins AZ, Wigdor D, Ladner RE, Wobbrock JO. Access
overlays: Improving non-visual access to large touch screens for blind users. In:
Proceedings of the 24th Annual ACM Symposium on User Interface Software and
Technology. New York, NY, USA: Association for Computing Machinery, UIST ’11,
(2011). p. 273-82. doi: 10.1145/2047196.2047232

35. Tekin E, Coughlan JM. A mobile phone application enabling visually impaired
users to find and read product barcodes. In: Proceedings of the 12th International
Conference on Computers Helping People with Special Needs. Berlin, Heidelberg:
Springer-Verlag, ICCHP’10 (2010). p. 290-5.

36. Baker CM, Milne LR, Scofield ], Bennett CL, Ladner RE. Tactile graphics with a
voice: using qr codes to access text in tactile graphics. In: Proceedings of the 16th
International ACM SIGACCESS Conference on Computers &  Accessibility.
New York, NY, USA: Association for Computing Machinery, ASSETS ’14 (2014).
p. 75-82. doi: 10.1145/2661334.2661366

37. BlindSquare. BlindSquare iOS Application. BlindSquare [2024 (Online)].

38. Constantinescu A, Neumann EM, Miiller K, Jaworek G, Stiefelhagen R. Listening
first: egocentric textual descriptions of indoor spaces for people with blindness. In:
Miesenberger K, Kouroupetroglou G, Mavrou K, Manduchi R, Covarrubias
Rodriguez M, Pendz P, editors. Computers Helping People with Special Needs.
Cham: Springer International Publishing (2022). p. 241-9.

39. Anken J, Rosenthal D, Miiller K, Jaworek G, Stiefelhagen R. Split it up:
allocentric descriptions of indoor maps for people with visual impairments. In:
Miesenberger K, Kouroupetroglou G, Mavrou K, Manduchi R, Covarrubias
Rodriguez M, Penaz P, editors. Computers Helping People with Special Needs.
Cham: Springer International Publishing (2022). p. 102-9.

40. Abd Hamid NN, Edwards AD. Facilitating route learning using interactive audio-
tactile maps for blind and visually impaired people. In: CHI ’13 Extended Abstracts on
Human Factors in Computing Systems. New York, NY, USA: Association for Computing
Machinery, CHI EA ’13 (2013). p. 37-42. doi: 10.1145/2468356.2468364

41. Gotzelmann T, Winkler K. Smarttactmaps: a smartphone-based approach to
support blind persons in exploring tactile maps. In: Proceedings of the 8th ACM
International ~ Conference on PErvasive Technologies Related to Assistive
Environments. New York, NY, USA: Association for Computing Machinery, PETRA
’15 (2015). p. 1-8. doi: 10.1145/2769493.2769497

42. He L, Wan Z, Findlater L, Froehlich JE. Tactile: a preliminary toolchain for
creating accessible graphics with 3d-printed overlays and auditory annotations. In:
Proceedings of the 19th International ACM SIGACCESS Conference on Computers
and Accessibility. New York, NY, USA: Association for Computing Machinery,
ASSETS ’17 (2017). p. 397-8. doi: 10.1145/3132525.3134818

43. Suzuki R, Stangl A, Gross MD, Yeh T. Fluxmarker: enhancing tactile graphics
with dynamic tactile markers. In: Proceedings of the 19th International ACM
SIGACCESS Conference on Computers and Accessibility. New York, NY, USA:
Association for Computing Machinery, ASSETS ’17 (2017). p. 190-9. doi: 10.1145/
3132525.3132548

44. Prescher D, Weber G, Spindler M. A tactile windowing system for blind users.
In: Proceedings of the 12th International ACM SIGACCESS Conference on Computers
and Accessibility. New York, NY, USA: Association for Computing Machinery,
ASSETS ’10 (2010). p. 91-8. doi: 10.1145/1878803.1878821

frontiersin.org


https://doi.org/10.35011/icchp-aaate22-p1-24
https://doi.org/10.1111/bjet.12852
https://doi.org/10.1145/2736277.2741660
https://doi.org/10.1145/2037373.2037458
https://doi.org/10.1080/07370024.2014.924412
https://doi.org/10.1145/2700648.2809868
https://doi.org/10.1145/2700648.2809868
https://doi.org/10.1145/2850440.2850441
https://doi.org/10.1007/11788713&lowbar;179
https://doi.org/10.1145/2982142.2982163
https://pubmed.ncbi.nlm.nih.gov/PMID: 35620199
https://pubmed.ncbi.nlm.nih.gov/PMCID: PMC9132217
https://doi.org/10.1145/3597638.3608426
https://doi.org/10.3390/mti6120113
https://doi.org/10.1371/journal.pone.0247448
https://doi.org/10.1145/3572921.3572929
https://doi.org/10.1145/3572921.3572929
https://doi.org/10.1145/3234695.3241005
https://doi.org/10.1109/PERCOM.2019.8767407
https://doi.org/10.1145/2384916.2384934
https://doi.org/10.1145/3373625.3418041
https://doi.org/10.1145/1378773.1378824
https://doi.org/10.1145/1378773.1378824
https://doi.org/10.1145/2047196.2047232
https://doi.org/10.1145/2661334.2661366
https://doi.org/10.1145/2468356.2468364
https://doi.org/10.1145/2769493.2769497
https://doi.org/10.1145/3132525.3134818
https://doi.org/10.1145/3132525.3132548
https://doi.org/10.1145/3132525.3132548
https://doi.org/10.1145/1878803.1878821
https://doi.org/10.3389/fresc.2024.1368983
https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org/

Ramoa et al.

45. Zeng L, Weber G. Audio-haptic browser for a geographical information system.
In: Miesenberger K, Klaus J, Zagler W, Karshmer A, editors. Computers Helping People
with Special Needs. Berlin, Heidelberg: Springer Berlin Heidelberg (2010). p. 466-73.
doi:https://doi.org/10.1007/978-3-642-14100-3_70

46. Ivanchev M, Zinke F, Lucke U. Pre-journey visualization of travel routes for the
blind on refreshable interactive tactile displays. In: Miesenberger K, Fels D,
Archambault D, Pendz P, Zagler W, editors. Computers Helping People with Special
Needs. Cham: Springer International Publishing (2014). p. 81-8. doi:https://doi.org/
10.1007/978-3-319-08599-9_13

47. Holloway L, Ananthanarayan S, Butler M, De Silva MT, Ellis K, Goncu C, et al.
Animations at your fingertips: using a refreshable tactile display to convey motion
graphics for people who are blind or have low vision. In: Proceedings of the 24th
International ACM SIGACCESS Conference on Computers and Accessibility.
New York, NY, USA: Association for Computing Machinery, ASSETS ’22 (2022).
p- 1-16. doi: 10.1145/3517428.3544797

48. Chase EDZ, Siu AF, Boadi-Agyemang A, Kim GSH, Gonzalez EJ, Follmer S.
Pantoguide: a haptic and audio guidance system to support tactile graphics
exploration. In: The 22nd International ACM SIGACCESS Conference on Computers
and Accessibility. New York, NY, USA: Association for Computing Machinery,
ASSETS °20 (2020). p. 1,4. doi: 10.1145/3373625.3418023

49. Horvath S, Galeotti J, Wu B, Klatzky R, Siegel M, Stetten G. Fingersight:
Fingertip haptic sensing of the visual environment. IEEE ] Transl Eng Health Med.
(2014) 2:1-9. doi: 10.1109/JTEHM.2014.2309343.

50. Engel C, Konrad N, Weber G. Touchpen: rich interaction technique for audio-
tactile charts by means of digital pens. In: International Conference on Computers
Helping People with Special Needs. Lecco, Italy: Springer International Publishing
(2020). p. 446-55.

51. LiJ, Kim S, Miele JA, Agrawala M, Follmer S. Editing spatial layouts through tactile
templates for people with visual impairments. In: Proceedings of the 2019 CHI Conference
on Human Factors in Computing Systems. New York, NY, USA: Association for
Computing Machinery, CHI ’19 (2019). p. 1-11. doi: 10.1145/3290605.3300436

52. Tsai HR, Chang YC, Wei TY, Tsao CA, Koo XC, Wang HC, et al. Guideband:
Intuitive 3d multilevel force guidance on a wristband in virtual reality. In: Proceedings
of the 2021 CHI Conference on Human Factors in Computing Systems. New York, NY,
USA: Association for Computing Machinery, CHI "21 (2021). p. 1-13. doi: 10.1145/
3411764.3445262

53. Walker JM, Zemiti N, Poignet P, Okamura AM. Holdable haptic device for 4-dof
motion guidance. In: 2019 IEEE World Haptics Conference (WHC) (2019). p. 109-14.

54. Yang J, Jiangtao G, Yingqing X. Graille: design research of graphical tactile
display for the visually impaired. Decorate. (2016) 1:94-6.

55. Prescher D, Weber G. Locating widgets in different tactile information
visualizations. In: International Conference on Computers Helping People with
Special Needs. Linz, Austria: Springer International Publishing (2016). p. 100-7.

56. Bornschein J, Prescher D, Weber G. Collaborative creation of digital tactile graphics.
In: Proceedings of the 17th International ACM SIGACCESS Conference on Computers &
Accessibility. New York, NY, USA: Association for Computing Machinery, ASSETS ’15
(2015). p. 117-26. doi: 10.1145/2700648.2809869

57. Dingler T, Lindsay J, Walker B. Learnability of sound cues for environmental
features: auditory icons, earcons, spearcons, and speech. In: Proceedings of the 14th
International Conference on Auditory Display, Paris, France 2008 (2008).

58. Gerino A, Picinali L, Bernareggi C, Alabastro N, Mascetti S. Towards large scale
evaluation of novel sonification techniques for non visual shape exploration. In:
Proceedings of the 17th International ACM SIGACCESS Conference on Computers &
Accessibility. New York, NY, USA: Association for Computing Machinery, ASSETS
’15 (2015). p. 13-21. doi: 10.1145/2700648.2809848

59. Elmannai W, Elleithy K. Sensor-based assistive devices for visually-impaired
people: Current status, challenges, and future directions. Sensors. (2017) 17. doi: 10.
3390/517030565.

60. Ptito M, Bleau M, Djerourou I, Paré S, Schneider FC, Chebat DR. Brain-machine
interfaces to assist the blind. Front Hum Neurosci. (2021) 15. doi: 10.3389/fnhum.
2021.638887.

61. Freitas D, Kouroupetroglou G. Speech technologies for blind and low vision
persons. Technol Disabil. (2008) 20:135-56. doi: 10.3233/TAD-2008-20208

62. Mascetti S, Picinali L, Gerino A, Ahmetovic D, Bernareggi C. Sonification of
guidance data during road crossing for people with visual impairments or
blindness. Int ] Hum Comput Stud. (2016) 85:16-26. doi: 10.1016/j.ijhcs.2015.08.
003. Data Sonification and Sound Design in Interactive Systems.

63. (WHO), Blindness and Vision Impairment. World Health Organisation (2022).
64. (EBU), About Blindness and Partial Sight. European Blind Union (2020).

Frontiers in Rehabilitation Sciences

18

10.3389/fresc.2024.1368983

65. Takagi H, Saito S, Fukuda K, Asakawa C. Analysis of navigability of web
applications for improving blind usability. ACM Trans Comput Hum Interact.
(2007) 14:13-es. doi: 10.1145/1279700.1279703.

66. Petrie H, Hamilton F, King N, Pavan P. Remote usability evaluations with
disabled people. In: Proceedings of the SIGCHI Conference on Human Factors in
Computing Systems. New York, NY, USA: Association for Computing Machinery,
CHI 06 (2006). p. 1133-41. doi: 10.1145/1124772.1124942

67. Madugalla A, Marriott K, Marinai S, Capobianco S, Goncu C. Creating
accessible online floor plans for visually impaired readers. ACM Trans Access
Comput. (2020) 13. doi: 10.1145/3410446.

68. Sears A, Hanson VL. Representing users in accessibility research. ACM Trans
Access Comput. (2012) 4. doi: 10.1145/2141943.2141945.

69. Inventivio GmbH. Tactonom Reader (The Tactile Graphics Reader). Inventivio
GmbH [2024 (Online)].

70. ProBlind. ProBlind (Open-source tactile graphics dataset). ProBlind (2024
(Online)).

71. Nagassa RG, Butler M, Holloway L, Goncu C, Marriott K. 3d building plans:
Supporting navigation by people who are blind or have low vision in multi-storey
buildings. In: Proceedings of the 2023 CHI Conference on Human Factors in
Computing Systems. New York, NY, USA: Association for Computing Machinery,
CHI 23 (2023). p. 1-19. doi: 10.1145/3544548.3581389

72. Engel C, Miiller K, Constantinescu A, Loitsch C, Petrausch V, Weber G, et al.
Travelling more independently: a requirements analysis for accessible journeys to
unknown buildings for people with visual impairments. In: Proceedings of the 22nd
International ACM SIGACCESS Conference on Computers and Accessibility.
New York, NY, USA: Association for Computing Machinery, ASSETS 20 (2020).
p. 1-11. doi: 10.1145/3373625.3417022

73. Miiller K, Engel C, Loitsch C, Stiefelhagen R, Weber G. Traveling more
independently: a study on the diverse needs and challenges of people with visual or
mobility impairments in unfamiliar indoor environments. ACM Trans Access
Comput. (2022) 15. doi: 10.1145/3514255.

74. Piaf Tactile: Adaptive Technology. PIAF Tactile Image Maker. Herpo [2024
(Online)].

75. Damien Di Fede. Minim Opensource Audio Processing Library. Compartmental
(2010).

76. Hart SG, Staveland LE. Development of nasa-tlx (task load index): Results of
empirical and theoretical research. In: Hancock PA, Meshkati N, editors, Human
Mental Workload. Amsterdam, Holland: North-Holland, Advances in Psychology.
Vol. 52 (1988). p. 139-83. doi:https://doi.org/10.1016/S0166-4115(08)62386-9

77. Brooke J. SUS: a retrospective. ] Usability Stud. (2013) 8:29-40.

78. Bangor A, Kortum P, Miller J. Determining what individual SUS scores mean:
Adding an adjective rating scale. J Usability Stud. (2009) 4:114-23.

79. Sauro J, Lewis JR, Quantifying the User Experience: Practical Statistics for User
Research. Boston: Morgan Kaufmann (2016).

80. Schmidt V, Konig SU, Dilawar R, Sdnchez Pacheco T, Konig P. Improved spatial
knowledge acquisition through sensory augmentation. Brain Sci. (2023) 13. doi: 10.
3390/brainscil3050720.

81. Ahmetovic D, Avanzini F, Baraté¢ A, Bernareggi C, Ciardullo M, Galimberti G,
et al. Sonification of navigation instructions for people with visual impairment. Int
J Hum Comput Stud. (2023) 177:103057. doi: 10.1016/j.ijhcs.2023.103057.

82. Fiannaca A, Apostolopoulous I, Folmer E. Headlock: A wearable navigation aid
that helps blind cane users traverse large open spaces. In: Proceedings of the 16th
International ACM SIGACCESS Conference on Computers & Accessibility.
New York, NY, USA: Association for Computing Machinery, ASSETS ’14 (2014).
p. 323-4. doi: 10.1145/2661334.2661344

83. Constantinescu A, Miiller K, Haurilet M, Petrausch V, Stiefelhagen R. Bring the
environment to life: a sonification module for people with visual impairments to
improve situation awareness. In: Proceedings of the 2020 International Conference
on Multimodal Interaction. New York, NY, USA: Association for Computing
Machinery, ICMI "20 (2020). p. 50-9. doi: 10.1145/3382507.3418874

84. Bujacz M, Strumitto P. Sonification: review of auditory display solutions in
electronic travel aids for the blind. Arch Acoust. (2016) 41:401-14. doi: 10.1515/a0a-
2016-0040.

85. Fan D, Fay Siu A, O’Modhrain S, Follmer S. Constructive visualization to inform
the design and exploration of tactile data representations. In: Proceedings of the 22nd
International ACM SIGACCESS Conference on Computers and Accessibility.
New York, NY, USA: Association for Computing Machinery, ASSETS °20 (2020).
p. 1-4. doi: 10.1145/3373625.3418027

frontiersin.org


https://doi.org/10.1145/3517428.3544797
https://doi.org/10.1145/3373625.3418023
https://doi.org/10.1109/JTEHM.2014.2309343
https://doi.org/10.1145/3290605.3300436
https://doi.org/10.1145/3411764.3445262
https://doi.org/10.1145/3411764.3445262
https://doi.org/10.1145/2700648.2809869
https://doi.org/10.1145/2700648.2809848
https://doi.org/10.3390/s17030565
https://doi.org/10.3390/s17030565
https://doi.org/10.3389/fnhum.2021.638887
https://doi.org/10.3389/fnhum.2021.638887
https://doi.org/10.3233/TAD-2008-20208
https://doi.org/10.1016/j.ijhcs.2015.08.003
https://doi.org/10.1016/j.ijhcs.2015.08.003
https://doi.org/10.1145/1279700.1279703
https://doi.org/10.1145/1124772.1124942
https://doi.org/10.1145/3410446
https://doi.org/10.1145/2141943.2141945
https://doi.org/10.1145/3544548.3581389
https://doi.org/10.1145/3373625.3417022
https://doi.org/10.1145/3514255
https://doi.org/10.3390/brainsci13050720
https://doi.org/10.3390/brainsci13050720
https://doi.org/10.1016/j.ijhcs.2023.103057
https://doi.org/10.1145/2661334.2661344
https://doi.org/10.1145/3382507.3418874
https://doi.org/10.1515/aoa-2016-0040
https://doi.org/10.1515/aoa-2016-0040
https://doi.org/10.1145/3373625.3418027
https://doi.org/10.3389/fresc.2024.1368983
https://www.frontiersin.org/journals/rehabilitation-sciences
https://www.frontiersin.org/

	SONOICE! a Sonar–Voice dynamic user interface for assisting individuals with blindness and visual impairment in pinpointing elements in 2D tactile readers
	Introduction
	Trial and error
	Sonification based
	Speech based
	Haptic based

	Materials and methods
	Participants
	Materials
	Pinpoint navigation strategies
	Procedure and design
	Preparation
	Exploration
	Training
	Testing
	Usability

	Data analysis methods

	Results
	Efficiency analysis of pinpoint navigation strategies
	User-satisfaction analysis
	Unveiling the influence of graphic complexity
	Expanding applications of pinpoint navigation interfaces

	Discussion
	Balancing performance and user satisfaction
	High performance
	High user satisfaction

	The value of the trial and error approach in tactile graphics exploration
	Assessing complexity in train station floor plans

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


