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Abstract: We examined discrimination accuracy of vibrotactile patterns on the upper forearm using
a2 x 3 array of voice coil actuators to generate 100 Hz vibrotactile stimulation. We evaluated par-
ticipants’ ability to recognize distinct vibrotactile patterns presented both simultaneously (1000 ms)
and sequentially (500 ms with a 450 ms interval). Recognition accuracy was significantly higher
for sequential (93.24%) than for simultaneous presentation (26.15%). Patterns using 2-3 actuators
were recognized more accurately than those using 4-5 actuators. During sequential presentation,
there were primacy and recency effects; accuracy was higher for the initial and final stimulations in
a sequence. Over time, participants also demonstrated a learning effect, becoming more adept at rec-
ognizing and interpreting vibrotactile patterns. This underscores the potential for skill development
and emphasizes the value of training for wearable vibrotactile devices. We discuss the implications
of these findings for the design of tactile communication devices and wearable technology.

Keywords: vibrotactile stimulus; voice coil actuator; wearable vibrotactile device; vibratory stimulus;
vibrotactile localization; vibrotactile frequency; vibrotactile discrimination; Braille reading

1. Introduction

Approximately 826 million people worldwide live with some form of vision impair-
ment [1]. Those who are blind or visually impaired largely depend on other senses, like
touch and hearing, to navigate and interact with the world. These individuals often face
considerable obstacles, especially in education. Their inability to read traditional text can
restrict their access to essential information, hindering full participation in society [2]. The
Braille tactile writing system addresses this by translating text into patterns of raised dots.
These patterns, which individuals can sense with their fingertips, represent letters, num-
bers, punctuation marks, and other symbols, enabling those with visual impairments to
access written information [2].

The use of vibrotactile feedback can improve user performance on touchscreen de-
vices for tasks such as target selection [3], text entry [4], and list item selection [5]. Vibro-
tactile skin reading is a method of haptic communication where vibrotactile displays are
used to transmit information through touch. These displays produce vibration patterns
representing various symbols, enabling individuals with visual impairments to interact
with digital information. Vibrotactile skin reading is a promising technique for providing
information and facilitating communication for visually impaired people, potentially in-
creasing their participation in society [6]. Proposed solutions include wearable displays
featuring vibrotactile actuators to augment accessibility [7,8]. These wearable displays
can be affixed to various body parts [9-11]. For instance, one approach employs three
vibration motors on the users’ arms to communicate calendar information, using distinct
vibrational patterns for different alerts [9]. Another study demonstrated the use of two vi-
brotactile wristbands to assist blind individuals during orientation and navigation. These
wristbands provide haptic information about the direction and distance to a target [12].
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1.1. Can Braille Be Conveyed with Vibrotactile Stimulation?

Traditional Braille reading involves moving one’s hand from left to right across lines
of raised dots, primarily utilizing the fingertips. However, vibrotactile displays offer a
potentially hands-free Braille reading alternative. Notably, previous studies suggest that
blind individuals often possess superior tactile spatial acuity compared to their sighted
counterparts, potentially enhancing their capacity to accurately interpret Braille patterns
through vibrotactile stimulation [7,8,13-16].

Vibrotactile displays are emerging as a promising substitute for conventional Braille
systems for those with visual impairments. Their appeal lies in their portability, versatil-
ity, and capability to represent a vast array of characters and symbols. Notably, designs
like the sleeve-based variant that we tested here stimulate passive body areas, keeping
hands free for other tasks. The efficacy of these displays is often determined by various fac-
tors, such as resolution, thresholds, frequency, amplitude, and stimulus duration [17-23].
These displays can employ varied vibrotactile stimulation patterns to convey diverse in-
formation, from images to navigation instructions [24-26]. The intensity and frequency of
the vibrotactile stimuli are adjustable, allowing for a large number of possible stimulation
combinations.

Our research group has delved deeply into vibrotactile stimulation properties, espe-
cially in sensory augmentation devices [7,8,27-34]. One notable system that we have devel-
oped is the “The Sound of Vision” sensory substitution platform for the visually impaired.
The system uses time-of-flight (ToF) and stereo cameras to survey the surroundings, trans-
lating the data into tactile and auditory signals. A unique tactile belt communicates the
direction of and distance to potential obstacles using vibrations. The system has yielded
promising results in user tests [8].

1.2. Current Study

We evaluated the recognition of Braille-like vibrotactile patterns among sighted ob-
servers with a 2 x 3 array of voice coil actuators generating 100 Hz vibrotactile stimula-
tion on the upper forearm. The patterns were categorized into two groups based on the
number of actuators needed for their presentation, enabling us to assess the effects of pat-
tern length —short (2-3 actuators) versus long (4-5 actuators)—on their recognition. Fur-
thermore, we examined the potential for learning by observing performance improvement
over time.

Our primary objectives were as follows:

1.  Presentation methods: compare the efficacy of two vibrotactile pattern presentation
methods on the forearm —simultaneous and sequential.

2. Pattern length influence: determine how varying the pattern length influences the
accuracy of pattern recognition.

3.  Assessing temporal effects: determine whether accuracy improves over time, and
what the effect of stimulation order is during sequential presentation.

4.  Enhance user experience: fine-tune these patterns to maximize user satisfaction and
augment haptic feedback experiences.

Our overarching goals align with our broader mission: to advance tactile communi-
cation. This objective carries immense potential, from improving accessibility to pioneering
novel communication methods. In particular, our efforts can prove crucial for aiding Braille-
proficient individuals with visual impairments. Our aim is to improve tactile information
conveyance, creating a more inclusive environment for those with sensory challenges.

Ultimately, we aspire to seamlessly integrate wearable technology into the daily rou-
tines of those with visual impairments. Through this, we envision expanding new oppor-
tunities for learning and interaction, thereby enriching their lives and fostering increasing
societal involvement and participation.

This study stands out through the investigation of simultaneous and sequential pre-
sentation methods, examining the influence of pattern length on recognition accuracy, and
observing temporal effects in the realm of tactile communication and wearable technology.
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The primary objective is the seamless integration of innovative technology into the daily
lives of visually impaired individuals, with a broader vision of fostering increased soci-
etal involvement in the future. The unique design of the vibrotactile forearm sleeve pro-
pels hands-free Braille communication, ensuring privacy and discretion. Beyond this, the
study’s implications extend to enhanced haptic communication, advancements in assistive
technologies, and potential applications in virtual/augmented reality, which is particularly
beneficial in low-visibility situations.

2. Voice Coil Actuator and Vibrotactile Sleeve

We used voice coil actuators (VCAs; model: Lofelt L5) for generating vibrotactile stim-
ulation. VCAs offer a range of benefits over alternative actuator types. They are known for
fast response times, high force density, and low power consumption. Furthermore, they
are versatile and can be integrated into various devices and systems. These actuators are
designed to deliver rich vibrotactile stimulation and, importantly, allow for the separate
manipulation of both frequency and amplitude (details provided in Table 1).

Table 1. Characteristics of the Lofelt L5 actuator [35].

Performance Characteristic Technical Specification
Operating voltage (V) 0-3.3
Frequency range (Hz) 0-15,000

Force (G-p.p.) 0-15
Rising time (ms) 5-15
Operation current (mA) 200-500+

For mounting, the actuators were affixed to a soft and thin fabric, ensuring a snug fit
and efficient transfer of tactile information from the actuators to the skin. The six voice
coil actuators were arranged longitudinally in a 3 X 2 array to produce back-and-forth
vibrational movement perpendicular to the length of the forearm (Figure 1).

Figure 1. (a) Overview of the design of the sleeve used to apply the Lofelt L5 actuators along the
forearm; (b) an example of a wearable vibrotactile sleeve and the configuration of the actuators.

The experiment utilized a bespoke vibrotactile sleeve crafted from a Power Mesh fab-
ric consisting of 90% nylon and 10% spandex. This choice of materials ensured that the
sleeve was both comfortable and user-friendly. To accommodate various forearm sizes,
stretch straps equipped with Velcro were used to secure the sleeve, allowing easy adjust-
ment for individual participants. The L5 actuator enclosures were 3D-printed directly onto
the fabric, ensuring that the actuators could vibrate without any hindrance. The printing
was executed using a Prusa MK3s 3D printer and Prusa Slicer, with PLA as the chosen
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material. Importantly, there were no fabric layers obstructing the point of contact between
the enclosure and the skin.

The L5 actuators had dimensions of W:17.0 x D:20.5 x H: 6.2 mm. The custom-made
enclosures were slightly larger, measuring W: 17.0 x D: 28 x H: 6.2 mm. One significant
advantage of this enclosure design is its protective quality, safeguarding both the partic-
ipants” skin and the elastic material from potential abrasion or damage inflicted by the
moving actuator. Within the enclosure, the actuator was oriented so that it produced vi-
brations parallel to the skin and perpendicular to the forearm’s length.

The enclosure was vital for delivering vibrotactile stimulation safely. Its tight fit with
the actuator ensured that it functioned seamlessly as a single unit. With a smooth surface,
the enclosure was lightweight and thin, at an approximate thickness of 1.6 mm.

For stimulus presentation, the system included a digital audio interface (RME MADI
face XT), digital-to-analog converters (Ferrofish A32), multi-channel amplifiers, and the
Lofelt L5 voice coil actuators. The tactile sleeve interfaced with the audio hardware through
wired connections.

3. Methods
3.1. Participants

Eight normally sighted people, ranging in age from 21 to 38 years (mean age: 29 years),
participated in this study. All participants confirmed they had no known issues with vi-
brotactile stimulation. Before beginning the experiment, each participant provided their
written informed consent. The study was conducted in alignment with the guidelines set
by the local ethical committee and the Declaration of Helsinki.

3.2. Mapping Patterns to Vibrotactile Cues

Our primary aim was to assess the accuracy with which sighted participants could
identify vibrotactile patterns on their skin with simultaneous versus sequential presenta-
tions. Additionally, we sought to understand how the length of these patterns (i.e., the
number of activations participants needed to discern) influenced their recognition capa-
bilities. The aim of this research is to lay a foundation for the future development of a
wearable device that can present Braille-like patterns through vibrotactile stimulation.

We used a set of 14 unique patterns derived from the Icelandic Braille alphabet. These
patterns were divided into 2 categories: short-length patterns, which involved the use of
2-3 actuators, and long-length patterns, requiring 4-5 actuators. The specifics of these
patterns can be observed in Figure 2 and are detailed further in Table 2.

Figure 2. Assignment of pattern dots to the six actuators in this study.



Appl. Sci. 2024, 14, 43

50f13

Table 2. The patterns used in the experiment and the numbers of the actuators required to present
each of the 14 vibrotactile patterns.

Short Patterns Long Patterns
a B 1,6 é R 2,3,4,6
c 1,4 v EN 1,2,3,4,6
0 - 1,35 X . 1,3,4,6
d 2 1,45 6 'S 1,456
h 1,2,5 b . 1,2,4,6
0 1,56 q & 1,2,3,4,5
1 1,23 i i 1,2,4,56

It is important to emphasize that our study did not require participants to have any
prior knowledge of Braille reading or recognition of specific Braille characters. Instead,
we aimed to assess their capability to accurately reproduce the vibrotactile patterns using
a keyboard interface. This design allowed us to evaluate the efficacy of our vibrotactile
system purely based on participants’ ability to discern and reproduce the patterns they
felt on a keypad.

There were a total of 168 trials in the study, divided into 24 miniblocks (each contain-
ing 7 trials): 12 miniblocks for short patterns and 12 for long patterns. Within each block,
there were 28 trials. Half of these miniblocks involved simultaneous presentation, while
the other half involved sequential presentation. Every trial began with the presentation of
a pattern, and subsequently, participants were tasked with reproducing the pattern using
a keypad. The order of presentation was randomized (details in Table 2).

Table 2 elucidates the characters, corresponding patterns, and the actuators used for
each pattern.

For simultaneous presentation, all actuators were activated simultaneously for 1000 ms.
A 4000 ms interval followed, during which participants responded. During sequential pre-
sentation, each actuator was triggered successively for 500 ms, separated by a 450 ms pause.
As for simultaneous presentation, there was a 4000 ms response interval.

The stimulation was set at a constant frequency (100 Hz) and amplitude (9.6 g ac-
celeration). Notably, this frequency aligns with the optimal detection range for human
vibrotactile perception (based on our previous studies [36]). The entire experiment took
approximately 35 min. for each participant.

3.3. Familiarization Session

Prior to the main experiment, participants were thoroughly briefed on the procedure
and the tactile stimulation. To familiarize participants with the actuators’ stimulation, they
were activated six times in quick succession. To ensure that the participants fully under-
stood their expected task, a block of 28 trials was administered.

Participants used a keypad to reproduce the stimulation pattern on each trial, with
each key corresponding to one of the 6 stimulation locations. These practice trials ensured
that participants were adequately prepared and had a firm understanding of their task
before the main experiment started.

3.4. General Procedure

To minimize external distractions, the study was conducted in an anechoic chamber.
To prevent any potential auditory cueing, like from the subtle noise from the actuators,
white noise was played through headphones (see Figure 3a,b). Before gathering data, we
calibrated the intensity of the vibrotactile stimulation using acceleration measurements. A
three-axis accelerometer (Briiel & Kjeer Type 4520, Denmark, Virum) gauged the acceler-
ation and intensity of the vibration. This meticulous calibration was performed for every
participant to eliminate potential biases and ensure uniformity and guarantee that each
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participant received the same tactile frequency (100 Hz) and amplitude (9.6 g) on their
skin throughout the experiment.

Figure 3. (a) A participant in the anechoic chamber wearing a vibrotactile sleeve, with his hand
resting on a cushion. The participants wore headphones playing white noise to block out external
auditory cues and responded to the vibrotactile feedback by pressing the correct keys on the key-
pad. (b) The audio hardware consisted of a digital audio interface (RME MADI face XT), digital-to-
analog converters (Ferrofish A32), multi-channel amplifiers, and parallel vibrating voice coil actu-
ators (Lofelt L5), t L5). The MADI face XT receives information from a computer via a USB cable
and sends the signal to the Ferrofish A32 Analog-to-Digital/Digital-to-Analog (AD/DA) converter.
Ferrofish A32 then conveys the signal to the amplifier, which then sends the amplified signal to
the actuators.

Notably, we performed force measurements at the contact surface between the enclo-
sures and the forearm skin using a Force-Sensitive Resistor (FSR), specifically the FSR03 se-
ries, from Ohmite Manufacturing Company, Warrenville, IL, USA. The force was adjusted
tobe 1.64 N for all participants.

The experiment consisted of six blocks of tactile patterns, each involving four miniblocks
presented in a randomized order —either sequentially or simultaneously. Each miniblock
featured seven random patterns, and during the response interval, participants were tasked
with replicating the presented pattern on a keypad.

4. Results

A repeated measures ANOVA was conducted to examine the effects of the presenta-
tion mode (simultaneous or sequential) and the length of the patterns (short or long) on
the accuracy of vibrotactile pattern reproduction. The results showed that both the presen-
tation mode (F (1, 20) = 1033; p = 1.07 x 10~!8) and the length of patterns (F (1, 20) = 53.6;
p=4.41 x 10~7) had a significant effect on accuracy. Accuracy was significantly higher with
sequential presentation than simultaneous, and performance was better for short vibrotac-
tile patterns than long ones. Additionally, there was a significant interaction between these
two factors (F (1, 20) =12.4; p = 0.02; p < 0.05), indicating that the effect of pattern length on
accuracy differed depending on the presentation method.

We defined ‘accuracy’ as the participant’s ability to correctly recognize and report
the vibrotactile patterns applied to the skin of their forearm. For sequential activation, a
‘correct response’ meant that participants accurately identified and reported all the acti-
vations in the presented sequence and, importantly, maintained their correct order. The
order in which they reported the dots was therefore critical for accuracy. In contrast, for
simultaneous presentation, a ‘correct response’ was determined by participants’ accurate
identification of the numbered actuators in the pattern. The order in which participants
reported the vibrations therefore did not affect accuracy.
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The data in Figure 4 reveal that the detrimental effect of simultaneous presentation
was larger for the long patterns than the short ones. Overall, these findings suggest that the
presentation method has a large effect on the accuracy of vibrotactile pattern recognition.
In addition, there was a large effect of the pattern length (short versus long).

100 |
920 - TTTEe———e——
80 —_—

70 -

60 - [ |Simultancous
50 [ Sequential

“I 1

30 - — i

Accuracy (%)

20 o

10 -

1
Short Patterns Long Patterns

Figure 4. Box—whisker plot comparing the accuracy (y-axis) between the two different pattern
lengths (short- and long-length patterns) with different vibrotactile presentation methods (x-axis):
the graph shows the average accuracy in percentages on the upper side of the forearm for sequential
(blue) and simultaneous presentations (orange). The box length shows the interquartile range (IQR)
and the 25% and the 75% limits, and the horizontal bar inside the box shows the median value. The

ends of the box plot represent minimum and maximum values.

The box plots (Figure 4) show how the median accuracy was highest for sequential
presentation for both short (97.19%) and long patterns (89.29%). The most notable result
is that presenting vibrotactile patterns sequentially was vastly more effective for accuracy
for both short and long patterns. Another important result is that accuracy during simul-
taneous presentation was much lower for long patterns (15.28%) than short ones (37.80%).

4.1. Vibrotactile Pattern Length

Short-length patterns were recognized with considerably higher accuracy than longer
patterns. This implies that pattern length plays a crucial role in the accurate recognition of
vibrotactile patterns on the skin. Longer patterns, due to their increased complexity, might
challenge participants’ ability to discern and interpret them accurately. In contrast, shorter
patterns are more easily grasped, leading to better recognition accuracy (Figure 4). Note
that this difference between short and long patterns may additionally reflect differences in
demands on working memory and increased complexity for responding.

4.2. Simultaneous Versus Sequential Presentation

We also investigated the effects of two distinct presentation methods: sequential and
simultaneous. Our results revealed a large and highly significant difference in accuracy
between these two methods. Sequential presentation yielded an impressively high aver-
age accuracy rate of 93.24%, indicating that participants were highly adept at recognizing
vibrotactile patterns when presented sequentially.

In contrast, the average accuracy for the simultaneous method was substantially lower
(26.15%). This very large difference clearly demonstrates that the presentation order of the
vibrotactile patterns greatly affects accuracy (Figure 5).
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Figure 5. Accuracy for the two different stimulus presentation methods (sequential and simultaneous).

4.3. Stimulus Order Effects

Figure 6 illustrates how the average accuracy for the recognition of stimuli presented
during sequential presentation is influenced by the serial position of the stimulation. The
accuracy shows both of the well-known primacy and recency effects [37].

Long patterns
98.50

93.93
92.20 100 91.76 88.05 9014
8175 83.55 90 81.58 81.22
80

1 2

70

N
> 60
Q
© 50
=
S 40
<
30
20
10
0
3 4 5 6 1 2 3 4 5 6
Order of an actuator within a sequence Order of an actuator within a sequence
(a) (b)

Figure 6. (a) Accuracy as a function of serial position of each individual vibrotactile stimulation
during sequential presentation for short (2-3 actuators) and (b) long patterns (4-5 actuators).

The primacy effect entails that stimuli presented at the beginning of a sequence are
more easily reported. The recency effect is seen in the fact that participants exhibited higher
perceptual accuracy and recall for stimuli presented later in the sequence. These serial po-
sition effects and their influence on recognition of the patterns provide important insights
into how the order of stimulus presentation impacts participants’ perception and mem-
ory [38,39].

4.4. Learning Effects

An additional finding is that participants’ average accuracy in recognizing vibrotactile
patterns increased throughout the course of the six experimental blocks, showing a clear
learning effect over time (see Figure 7). An ANOVA analysis revealed significant differ-
ences in accuracy among the six experimental blocks (F (5, 168) = 2.91; p = 0.015), showing
how pattern reproduction improved as the experiment progressed.
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Figure 7. Performance across the six experimental blocks. The figure shows a clear learning effect
over time (the 6 experimental blocks) for both presentation methods (simultaneous and sequential)
and different pattern lengths (short (A) versus long (B) patterns). The error bars show the standard
deviation within each group for each block.

This emphasizes the importance of considering training schedules for sensory substi-
tution devices, in light of the considerable improvement that we see over only a 35 min.
long experiment. Training should, therefore, be considered in addition to presentation
methods and pattern lengths when designing experiments on the recognition of vibrotac-
tile patterns, but even more importantly, it should be considered when sensory substitu-
tion devices are designed. Adequate training ensures that participants have the necessary
knowledge and skills to perform the tasks or recognize the patterns that are being tested.

Without proper training, experimental results may be influenced by participants’ lack
of familiarity with the task in each case. The finding of a learning effect over a relatively
short experiment duration emphasizes the dynamic nature of vibrotactile pattern recogni-
tion and the potential for rapid performance improvement. This knowledge is valuable for
designing effective training schedules and optimizing the usability of sensory substitution
devices. When planning experiments on vibrotactile pattern recognition, it is therefore es-
sential to factor in not only training but also the potential for skill development over time,
along with other variables such as presentation methods and pattern length.

Overall, Table 3 provides insights into how the performance indicators in this study
differed in terms of their presentation methods, accuracy rates, pattern lengths, stimu-
lation times, learning effects, serial position effects, and user feedback in the context of
cognitive tasks.

Table 3. Comparison of performance indicators in this study.

Performance Indicators I 11
Presentation Method Sequential Simultaneous
Accuracy Rate High (93.24%) Low (26.15%)
Short patterns (2-3)/Long Short patterns (2-3)/Long
Pattern Length patterns (4-5) patterns (4-5)
Stimulation Time 500 ms with a 450 ms interval 1000 ms
Learning Effects Positive Positive
Serial Position Effects Primacy and recency -
observed

User Feedback Positive Negative
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5. Discussion

We introduced a novel approach to presenting vibrotactile stimulation patterns with a
forearm-mounted wearable vibrotactile sleeve, where Braille-like patterns were conveyed
with tactile actuators. Our investigation focused on comparing the effectiveness of sequen-
tial versus simultaneous presentations of vibrotactile stimuli, as well as evaluating the in-
fluence of pattern length on recognition accuracy.

The results provide evidence in support of sequential over simultaneous stimulus
presentation. We observed a vastly higher average accuracy rate for sequential (93.24%)
presentation than simultaneous (26.15%). It is nevertheless important to note that the to-
tal stimulation time was lower for simultaneous presentation (1000 ms) than sequential,
which could take from 1450 ms (for two activations) to 4300 ms (for five activations). This
difference in presentation time affects how much information can be transmitted and is a
question that needs to be addressed in future studies.

It is also important to consider the practical implications of sequential versus simul-
taneous presentation. In real-world scenarios (such as reading Braille text), the efficient
retrieval of information is crucial. The practicality of any Braille design therefore involves
a delicate balance between accuracy and speed. Although this aspect was not the pri-
mary focus in this phase of study, it is nevertheless a consideration to be addressed in
future research.

Furthermore, we observed large accuracy differences between the two vibrotactile
pattern lengths (long versus short). Accuracy was significantly higher for the short pat-
terns requiring 2-3 actuators than the long patterns requiring 4-5 actuators. Pattern length,
therefore, has a large effect on accuracy, with short patterns leading to higher perceptual
accuracy. This difference was seen for both simultaneous and sequential presentations.
But here again, we should note that more information can be conveyed with longer pat-
terns, and future studies need to determine the optimal combination of stimulus time and
pattern length for conveying tactile information. It is also important to consider to what
degree these differences between short and long patterns may reflect different demands
on working memory and increased s for responding.

Moreover, we investigated potential learning effects on pattern recognition accuracy
across the six blocks. The results revealed a consistent improvement in average accuracy
over time, indicating that participants were able to improve their ability to reproduce the
vibrotactile patterns. This was also the case for simultaneous presentation, although per-
formance levels remained relatively low.

Overall, our findings emphasize the importance of considering stimulus presentation
methods and vibrotactile pattern lengths when designing experiments related to haptic pat-
tern recognition, in addition to taking learning into account. These insights are crucial for
the development of effective vibrotactile pattern recognition devices and
training programes.

We also investigated any potential serial position effects, which can shed light on the
effects of the order of stimulus presentation on perceptual recognition. We observed both a
primacy effect (better performance for stimuli at the beginning of a sequence) and a recency
effect (higher accuracy for stimuli at the end of a sequence). Performance was, on the other
hand, slightly poorer for activations during the middle of the sequences than for the initial
and final stimuli.

Regarding the differences between presentation modes, during sequential activation,
participants have the advantage of analyzing the activations one at a time, using their work-
ing memory to process and identify patterns. Conversely, simultaneous activation requires
rapid, concurrent processing of multiple activations, which may surpass their working
memory capacity.

Potential Applications to Braille Presentation

Our ultimate aim is to develop a wearable device for presenting Braille with vibro-
tactile stimulation. While our current experiments involved the performance of college
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students without prior Braille literacy, they are a necessary first step in this development.
It is important to obtain reliable results for our equipment before engaging with a more
specific and sensitive population. During this initial phase of our research, we therefore
focused on the ability to reproduce vibrotactile patterns, irrespective of Braille expertise.
We also aimed to assess the basic functionality and reliability of the wearable, ensuring
that it can be a versatile tool in a wide range of scenarios beyond Braille reading.

One of our next steps is to test the performance of actual Braille readers with this
device. Notably, visually impaired individuals often have an acute sense of touch, and
there is good evidence of neural reorganization and enhanced abilities following sensory
impairment [40].

For example, there is evidence that Braille reading recruits the visual cortex of blind
individuals [7,41,42]. It will furthermore be of future interest to investigate the relation be-
tween such neural reorganization and the age of onset of sensory impairment in the context
of our device. Other factors to consider include investigation into the biocompatibility of
the vibrotactile stimulation system, cross-modal plasticity, innervation, skin composition,
skin thickness, and individual variations in sensory processing.

We believe that Braille conveyed through tactile stimulation can offer significant bene-
fits over other presentation methods. Consider the scenario of a blind person navigating an
unfamiliar city. While audiobooks and voice-based navigation apps undoubtedly provide
valuable information about their surroundings, the integration of tactile Braille patterns
through a wearable device can complement and enrich their experience in several ways.

In densely populated urban environments, audio cues can be challenging to discern
and may even become drowned out. In such instances, tactile Braille can convey direc-
tions or street names to the skin. This hands-free approach not only obviates the need to
carry and operate additional devices but also ensures privacy and discretion. The tactile
feedback can also serve as a tactile map, allowing users to better comprehend intricate
environments such as subway systems or train stations.

Moreover, the benefits of tactile Braille may extend to situations where rapid responses
are needed. In such scenarios, tactile alerts delivered to the skin can provide immediate
guidance, allowing the visually impaired to react swiftly.

The implications of our research can also be extended to other uses, including haptic
communication, assistive technologies, and virtual and augmented reality systems, where
the effective presentation of vibrotactile stimuli is crucial.

6. Conclusions

Our primary objective was to investigate ways of optimizing information conveyance
through tactile stimulation on the forearm. We pursued this by investigating optimal tac-
tile information encoding and presentation and by designing user-friendly wearables for
accurate delivery. Central to our research is the aim to improve tactile communication,
with a focus on accessibility.

The results have the following implications:

1. Sequential vibrotactile stimulus presentation 1is, overall, preferable to
simultaneous presentation.

2. Shorter patterns yield better performance than longer ones, offering insights into op-
timizing information conveyance and presentation durations.

3. Weobserved learning effects with repeated testing, underscoring the value of training
for such devices.

4. Primacy and recency effects in stimulus order during sequential presentation deepen
our understanding of perception and memory in sequential contexts.

These findings offer important insight for the design of effective vibrotactile pattern
recognition programs and for fine-tuning parameters for vibrotactile presentations of Braille.
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